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PREFACE 

The  Aerojet-General  Corporation  has  for  several  years  been  engaged 
in  fundamental  research  dealing  with  the  mechanisms  of  decomposition, 
combustion  and  detonation  of  solids.  During  the  1958-1959  period,  these 
subjects  were  studied  separately  under  Contracts  AF  49(638)-573>  AF  49(638) -566, 
and  Nonr  2804(00),  respectively.  Since  these 'programs  were  interdependent, 
they  were  combined  into  a  single  study  under  Contract  AF  49(638) -851.  This 
report  describes  the  important  results  of  these  studies  vrtiich  have  been 
carried  out  during  the  period  from  February  I960  to  February  1965 >  and  is 
submitted  in  partial  fulfillment  of  the  contract. 
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ABSTRACT 

This  report  sumnarlzes  the  results  of  research  on  the  mechanisms  of 
decomposition,  detonation  and  combustion  of  solids. 

Extensive  kinetic  studies  have  been  made  on  1)  linear  surface  regression 
rates  of  solid  high  explosives  (TNT,  RDX,  etc.),  2)  sublimation  of  ammonium 
halides,  3)  thermal  decomposition  of  anhydrous  perchloric  acid,  and  4)  apparent 
'li^  strength  measurements  on  with  O2,  Cl2>  NO  and  N2O  in  the  opposed- 
et  diffusion  flame  reactor. 

Preliminary  phencmienological  studies  have  been  carried  out  on  the 
decomposition  of  pure  or  nearly  pure  single  crystals  of  ammonium  perchlorate. 
Theoretical  studies  were  made  on  reactions  in  opposed* Jet  diffusion 
flames.  New  models  were  developed  to  explain  extinction  phenomena  In  solid 
rocket  motors  and  a  low  pressure  deflagration  limit  (Pqj,)  • 
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I.  INTRODUCTION  Aim  SUMMARY 

Over  the  past  sevez'al  years,  Aerojet-General  Corporation  has  been 
engaged  in  fundament«0.  studies  dealing  with  the  mechanisma  of  decdnq>osition> 
combustion  and  detonation  of  solids.  The  objective  of  these  studies  has  been 
to  auivance  the  understanding  of  the  kinetics  of  solid  phase  reactions  and  the 
mechanism  of  deflagration  and  detonation.  These  investigations  have  led  to 
significant  advances  and  a  continual  increase  in  our  understanding  of  the  processes 
of  evaporation  sublimation,  decomposition  of  solids  and  combustion  of  propellants. 

A  number  of  technical  notes  and  publications  have  resulted  from  these  and  related 
studies.  Much  of  this  work  has  been  summarized  in  contributions  which  appear  at 
the  end  of  the  report. 

This  report  is  concerned  with  a  discussion  of  essentially  all  phases  of 
the  studies  mentioned  above,  and,  in  addition,  with  the  mechanisms  of  the  gas- 
phase  reactions  deemed  important  to  ammonium  perchlorate  deflagration. 

Rates  of  linear  surface  regression  of  TNT,  RDX,  tetryl  and  FETN  were 
studied  by  means  of  the  (hot-plate)  linear  pyrolysis  technique.  The  primary 
surface  process  appeared  to  be  an  endothermic  melt-flow,  which,  tdien  used  as 
a  measure  of  surface  heat  dlssipaticHV  correlated  well  with  measured  values  of 
impact  sensitivity. 

Extensive  studies  of  the  rates  of  sublimation  of  the  ammonium  halides 
were  carried  out  using  two  different  experimentail  techniques  -  isothermal 
weight  loss  (quartz  balance)  and  the  hot-plate  pyrolysis  method.  The  results 
were  in  fair  agreement  with  the  Schult»4}ekker  mechanism  for  ammonium  halide 
sublimation. 
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Preliminary  phenomenological  studies  were  carried  out  on  the  thermal  1 
decomposition  of  single  crystals  of  ammonium  perchlorate  using  continuous 
microscopic  observation  and  metallographic  techniques^  The  results  tend  to 
corroborate  the  postulate  concerning  the  decomposition  of  the  intempsale 
structure. 

An  overall  reaction  scheme  (based  upon  the  work  at  Aerojet  and  other 
laboratories)  has  been  proposed  for  ammonim  perchlorate  deflagration. 

It  has  been  found  that  cat^Llyze8  the  thermal  decomposition  of 
anhydrous  perchloric  acid,  aivi  is  believed  to  have  impoirbant  implications 
in  connection  with  ammonium  perchlorate  deflagration. 

An  extensive  investigation  has  been  made  on  the  thermal  decomposition 
of  anhydrous  perchloric  acid.  The  results  indicate  that  the  decomposition 
does  not  take  place  by  a  simple  reaction  scheme.  Initially  the  reaction  occurs 
by  a  mechamism  which  is  second-order  in  perchloric  acid,  and,  after  50^  reaction, 
a  first  order  mechanism  is  rate  controUii^.  Both  mechanisms  were  sensitive  to 
surfaces.  Water  has  been  found  to  inhibit  the  first-order  reaction  on  Pyrex 
surfaces.  A  hydrated  Cl20.^  species  has  been  postulated  as  the  activated  complex 
for  the  second-order  reaction. 

Experimental  studies  have  been  carried  out  on  NH>j  oxidation  by  0^,  CI2, 

NO  and  N2O  in  the  opposed- jet  diffusion  flame  reactor.  Apparent  flame  strength 
measurements  indicate  the  order  of  reactivity  at  1  atmosphere  pressure  is 
I^0> 02> Cl2> NO,  However,  overall  reaction  orders  (pressure  dependencies)  of 
these  flame  reactions  are  CI2  (2.3)>N20  (2.0)  (1.7)  >N0  (1.56)  indicating 

that  at  higher  pressure,  chlorine  may  govern  the  rate  of  heat  release  if  the 
same  reaction  mechanism  is  otierative. 
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Theoretical  etudles  Were  made  on  reactions  In  opposed-jet  diffusion 
flames.  A  physical  criterion  for  extinction  in  counter-flow  diffusion  flames 
has  been  developed  tdilch  differs  frcm  that  given  by  Spalding.  In  the  new 
treatment,  maximum  reaction  rates  are  determined  by  means  of  physical  extinction 
criteria  which  are  imposed  on  the  flame  process  rather  than  previous  or  assumed 
chemical  kinetic  information  as  required  by  Spalding's  treatment. 

A  model  of  low  pressure  extinction  of  solid  rocket  motors,  involving 
the  coupling  of  propellant  flame  kinetics  and  rocket  nozzle  exhaust  time,  has 
been  developed. 

Also,  the  thermal  layer  treatment  of  steady-state  con^ustlon  has  been 
applied  to  the  problem  of  a  low  pressure  deflagration  limit .  The  hypothesis 
relating  extlngulshability  and  low  pressure  burning  stability  to  appears 
to  be  in  satisfactory  agreement  with  the  available  experimental  data. 
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II.  TECHNICAL  DISCUSSION 

The  following  discussion  briefly  summarizes  the  important  results  of 
studies  dealing  with  investigations  of  mechanisms  of  detonation,  decomposition 
and  combustion  which  have  been  conducted  under  Contract  AF  49(638) -851. 

For  more  extensive  discussions  of  various  phases  of  this  program  the  reader 
is  referred  to  the  appendices  (A  through  F)  at  the  end  Of  the  report. 

The  results  of  experimental  studies  on  opposed- jet  diffusion  flames  are 
discussed  in  greater  detail  in  the  body  of  this  section  8ihce\the  publication 
covering  this  work  was  not  completed  at  the  writing  of  this  repori. 

A.  MECHANISM  OF  DETONATION  PROCESSES 

’  \ 

1.  Introduction  and  Background 

The  kinetic  processes  involved  in  the  initiation,  . 
deflagration,  and  (non- ideal)  detonation  of  solid  high  explosives  (e.g., 

TNT,  PETN,  RDX,  etc.)  have  never  been  ascertained  with  certainty. 

Experimental  and  theoretical  investigations  which  have  been  conducted  for 
many  years  have  yielded  sufficient  information  to  enable  formulation  of 
hypotheses  regarding  the  interpretation  of  much  observable  explosive 
phenomena.  It  is  only  within  recent  years  that  these  studies  have  become 
sufficiently  quantitative  to  allow  some  definitive  elaboration  of  these 
hypotheses;  however,  much  of  the  picture  is  still  highly  speculative. 

A  thorough  imderstaiKling  of  the  fxuviamental  processes 
involved  in  the  deflagration  and  detonation  of  solid  explosives  takes  on 
new  Importance  in  view  of  recent  interest  in  such  materials  as  HMX  and  RDX. 
Previous  studies  at  Aerojet-General  Corporation  on  such  propellant  ingredients 
as  ammonium  nitrate  and  ammonium  perchlorate  have  led  to  significant  advances 
in  the  knowledge  of  combustion  and.  detonation  of  propellants  and  explosives. 

It  was  believed  that  similar  studies  on  solid  high  e3q>lo8ives  such  as  FETN, 
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RDX,  TNT>  etc.,  would  provide  the  information  needed  to  elucidate  the 
kinetic  processes  Involved  In  the  combustion  and  detonation  of  propellants 
containing  high  explosives. 

There  is  strong  evidence  that,  for  all  ccnventlonal 
high  explosives,  the  Initiation  process  Is  thermal  in  origin.  MOchatilcal 
energy,  such  as  a  blow  or  friction,  must  be  transformed  into  heat  in  order 
to  ignite  the  e:q)losive.  Like-wlse,  the  energy  of  the  shockwave  preceding 
a  detonation  front  in  a  solid  eaqalosive  is  converted  into  heat  by  the  work 
the  shock  does  (by  compressicm)  on  the  explosive  through  vdilch  it  is  moving. 

On  the  assumption,  then,  that  the  initiation  of  an  explosive  is  a  thennal 
process,  the  overall  characteristics  of  the  initiation  and  propagation  ef 
detonation  in  explosives  rest  upon  the  balance  between  the  rate  of  release  of 
thennal  energy  by  chemical  reaction,  and  the  rate  of  loss  of  energy  by  gas 
expansion  and  thermal  conductivity. 

The  mechanism  of  detonation  in  solid  explosives  may 
be  conveniently  considered  from  two  broad  aspects — viz,,  the  surface  properties 
and  the  bulk  properties  of  the  explosive.  The  various  possible  detonation- 
reaction  mechanisms  then  include  the  following: 

Grain  Burning 

(1)  Gaseous  diffusion  is  rate  determining, 

(2)  Bulk  deconposition  is  rate  determining. 

(3)  Surface  decoe^x^itlon,  evaporation,  or  sublimation  is  rate 
determining . 

Unimolecular  Bulk  Decomposition  From  Shock  Compression 

(1)  Unimolecular,  first-order,  bulk  decomposition  is  rate  determining, 

(2)  Gaseous  diffusion  is  rate  determining. 


"jgsr-- 
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In  the  grain  burning  theory  (originally  due  to  Eyring 
and  co-workers,  Reference  l),  the  initiation  and  propagation  of  detonation 
in  heterogeneous  explosives  is  considered  on  a  microscopic  scale  to  proceed 
through  a  mechanism  whereby  chemical  reaction  is  induced  in  and  spreads'  from 
"hot-spots"  produced  by  localized  stress  from  impact  (e.g,,  shock  or  mechanical 
imiMCt)  ^  Th«  detonation  reaction  time  (T)  is  then  given  by  tho  equation 

7*  =  —  sec  (1) 

where  R  is  the  average  grain  radius  of  the  explosive  particles,  L  is  the 

effective  diameter  of  a  molecule  on  the  surface  of  the  grain,  and  k^  is 

the  specific  rate  constant  of  the  rate  controlling  reaction.  The  detailed 

mechanism  of  energy  release  in  the  grain  burning  theory  need  not  be  known 

to  evaluate  detonation  reaction  times;  it  is  only  necessary  to  Isolate  the 

rate  determining  step.  Eyring  and  co-'workers  (Reference  1)  concluded  that 

kp  had  only  a  small  temperature  dependence  and  thus  involved  a  smaller 

activation  energy  than  would  normally  be  expected  for  first-  or  second-order 

kinetics.  They  suggested  that  a  diffusion  process,  either  of  heat  or 

matter,  was  possibly  rate  controlling.  Unofrtunately,  it  has  never  been 

possible  to  numerically  calcxUate  k  with  any  confidence  using  this  suggestion. 

r 

Cook  and  co-workers  (Reference  2)  describe  a  grain 
burning  model  in  which  the  rate-controlling  kinetics  of  the  reacting  surface 
layer  of  the  explosive  particles  corresponds  to  the  exothermic  bulk  de¬ 
composition  kinetics  obtained  from  low  temperature  isothermal  measurements. 

In  general,  reaction  times  calculated  from  these  data  are  much  greater 
(by  10  to  ^  times)  than  those  estimated  from  the  curved  front  (Reference  1) 
and  nozzle  (Reference  3)  theories,  which  relate  detonation  reaction  times 
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to  observable' detonation  velodltles.  Unfertuiiately,  unaioblguous  experiaental 
absolute  reaction  tines  have  never  been  obtained  for  heterogeneous  explosives^ 
and  the  validity  of  the  various  diameter  theories  is  not  knovnn^ 

In  contrast  to  the  grain-burning  theory  of  relatively 
recent  origin,  the  concept  of  unimolecular  first-order  bulk  decomposition 
arising  from  shock  compression  has  been  discussed  since  the  early  history 
of  detonation  studies.  It  has,  for  example,  long  been  the  accepted  nechanism 
of  gaseous  detonation.  There  appear  to  be  at  least  two  reasons  why  a 
grain-burning  detonation  theory  need  be  considered.  The  first  of  these  is 
that  a  particle  size  influence  on  themn-ideal  detonation  characteristics 
of  heterogeneous  explosives  is  almost  always  observed  experimentally. 

The  second  reason  is  that  at  low-charge  densities  the  detonation  shock  is 
relatively  weak  and  can  produce  but  little  temperature  rise  throxigh  bulk 
compression  of  the  explosive. 

Evidence  that  compressional  bulk  heating  is  a  possible 
mechanism  of  propagation  of  detonation  in  conventional  high  explosives  has 
been  obtained  in  investigations  at  Los  Alamos  (Reference  4) •  It  was 
demonstrated  that  under  suitable  conditions  of  initiation,  large  single 
crystals  of  TNT,  FETN  and  tetryl  can  be  made  to  detonate.  The  apparent 
lack  of  heterogeneity  in  single  crystals  thus  seems  to  exclude  grain  burning 
in  these  cases, 

The  general  picture  suggesting  a  grain-burning  mechanism 
for  the  detonation  of  low-energy  heterogeneous  explosives  and  low><len8lty 
high-energy  explosives,  and  an  unimolecular  bulk  decoiiq>osition  mechanism  for 
shock  compression  of  high-density,  high  explosives  appears  to  be  qualitatively 
consistent  with  many  known  experimental  facts.  However,  much  of  the  picture 
is  still  highly  speculative  and  additional  studies  both  theoretical  and 
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experiaentel  are  needed  to  clarify  the  situation > 

2.  Stanmary  of  Results 

On  this  basis  of  these  considerations,  the  mechanism 
of  detonation  studies  of  low  density  high  explosives  (such  as  TNT,  RDX,  etc.) 
carried  out  on  this  program  were  initially  based  upon  a  model  similar 
to  that  proposed  for  low-energy,  low-density  granular  explosives  such  as 
ammonium  nitrate  (AN)  and  ammonium  perchlorate  (AP)  (Reference  5)  •  This 
model  Incorporated  Eyrlng's  grain  burning  detonation  theory  and  stipulated 
that  the  rate  controlling  reaction  in  grain-burning  detonation  was  the 
linear  endothermic  surface  gasification- rate  of  the  explosive  particles. 

Thus,  the  linear  pyrolysis  rate,  B,  is  considered  to  be  the  proper  value 
for  Ikj,  in  Equation  1. 

Accordingly,  linear  pyrolysis  (hot-plate)  studies  were 
made  on  the  four  common  high  explosives  (TNT,  RDX,  tetryl  and  FGTN) 
utilizing  the  high-pressure  apparatus  shown  in  Figure  1.  The  results  indi¬ 
cated  that  over  the  range  of  surface  heating  conditions  employed,  the  rate  of 
linear  surface  regression  was  governed  by  a  melt-flow  process  rather  than 
an  evaporative  or  sublimation  process.  Therefore,  the  data  were  not 
c(Mq>atlble  with  the  grain-burning  detonation  model  proposed  at  the  outset 
of  this  work. 

Consequently,  a  theoretical  treatment  of  steady-state 
surface  melting  of  materials  which  are  pressed  against  a  heated  surface 
has  been  developed  to  explain  the  ejqwrlmental  hot-plate  data  for  the 
high  explosive  strands.  The  rate  of  surface  regression  of  the  solid  strands 
was  attributed  to  viscous  flow  in  a  molten  layer  which  separate  the  solid 
strand  surface  from  the  hot-plate  surface. 
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This  theoretical  treataent  of  a  viscous  flow  process 
at  the  heated  surface  of  high  explosives  has  made  possible  a  quantitative 
description  of  Bowden's  concept  of  hot-spot  ignition  of  explosives  bgr  iapact 
and  frictional  heating.  The  results  of  the  analyses  pzvsented  (Appendix  A) 
are  consistent  vdth  a  mechanism  for  initiation  of  pure  solid  high  ej^loslves 
vdiich  involves  the  rate  of  dissipation  of  kinetic  energy  of  impact  by 
endothermic  siirface  meltings  and  not  by  the  melting  temperature  alone.  Prom 
the  observed  energy  balance  versus  temperature  relationship,  the  rate  at 
which  kinetic  energy  can  be  dissipated  by  melting  is  T)nf>Tetryl^RDX^FGTN, 
vdiich  is  the  order  of  Increasing  sensitivity  of  these  explosives.  The  results  . 
demonstrate  the  importance  of  melting  in  determining  the  initial  rate  of 
heating  of  solid  high  explosives  by  external  stimuli  such  as  impact  and  friction. 

Also,  by  means  of  this  treatment  and  the  hot-plate  technique 
it  should  be  possible  to  obtain  surface  melting  rates,  viscosity-temperature 
relationships  and  heats  of  fusion  for  materials  (ex.,  high  explosives) 
which  are  normally  unstable  in  the  molten  state.  Such  information  could  be 
useful  in  determining  equations  of  state  for  such  materials. 

A  detailed  discussion  of  the  results  of  these  studies 
and  of  their  importance  to  ijgqmct  sensitivity  is  presented  in  Af^ndix  A . 

B.  MECHANISM  OF  DECOMPOSITION  OF  SOLIDS 
1.  Introduction 

This  section  of  the  report  summarizes  the  results  of 
studies  concerned  with  the  processes  involved  in  the  decosqjosltion  of  solids, 
with  particular  eiiq3hasls  being  placed  on  surface  decomposition  phenomena. 

These  relatively  fundamental  studies  were  designed  to  serve  as  forerunners 
for  investigatims  of  the  more  coaplex  problems  associated  with  the 
decomposition  of  solid  propellant  components. 
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An  extensive  Iclnetic  study  of  the  subllmatim  of  the 
ajanonium  halides  has  been  carried  out  by  means  of  linear  pyrolysis  (hot>plate) 
and  bulk  heating  techniques.  The  sublimation  studies  were  undertaken 
to  gain  fundamental  knowledge  on  prototype  ammonium  salts  with  the  object  of 
applying  such  knowledge  to  the  decoaaposltion  of  oxidizers  such  as  aimiipnliaa 
perchlorate.  .  .  ^ 

In  addition,  a  study  of  the  decomposition  of  single 
crystals  of  solids  vas  undertaken.  However,  due  to  a  decrease  in  funding^ 
this  phase  of  the  program  was  dx^pped  before  definitive  results  eoiild  be 
obtained. 

2.  Sublimation  of  Amnonium  Halides 
a.  Introduction 

Application  of  the  Eyrlng  activated  complex  theory 
to  sublimation  of  both  molecular  and  ionic  solids  by  workers  at  Aerojet 
(References  6>10)  has  resulted  in  a  number  of  significant  advances  in  the 
understanding  of  the  basic  theories  of  dfccm^sitlon  at  solid<^s  interfaces. 
The  most  recent  studies  dealing  with  surface  decoiiq>ositi(xi  phenoswna  involve 
the  rates  of  sublimation  of  the  ammonium  halide  series. 

The  studies  of  the  sublimation  of  aanonium  halides 
which  have  been  caxried  out  in  these  laboratories  have  been  of  special  value 
in  helping  to  understand  the  mechanism  of  evaporative  processes  which  involve 
endothermic  dissociative  decomposition. 

The  rates  of  evaporation  of  such  solids  appear 
to  be  characterized  by  an  apparent  activation  energy  idilch  is  considerably 
less  than  the  heat  of  vaporization,  and  an  apparent  acccnmodatlni  coefficient 
for  evaporation  which  is  approximately  10~4  (as  compared  to  0.1  -  1.0  for  many 
non-dlssoclative  molecular  evaporation  rates). 
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hrlor  to  the  present  studies,  a  considerable  aaount 
of  work  had  .been  carried  out  on  the  rate  of  subliaatlon  of  aanonluB  chloride; 
however,  two  different  mechanlnss  were  postulated  to  explain  the  eubUnatlon 
data.  In  view  of  the  conflicting  concepts  conceralng  the  subUnatlon  aechanlsB, 
studies  were  Initiated  with  the  Idea  that  data  on  ttw  subUoatlon  of  the  Otheif 
unmonlum  helldes  oilght  resolye  the  problem. 

b.  Stunmazy  of  Results 

The  rates  of  sublimation  of  ammonium  chloride, 
bromide.  Iodide  uid  fluoride  have  been  determined  by  two  different  experimental 
techniques  over  the  temperature  range  of  100  to  600°C,  corresponding  to  an  Increase 
In  sublimation  rate  of  10^.  The  two  experimental  methods  employed  were  the  measure¬ 
ment  of  Isothermal  rate  of  weight  loss  using  a  quartz  spring  balance,  and  the  hot¬ 
plate  linear  pyrolysis  method.  Using  these  techniques.  It  was  possible  to 
determine  linear  rates  of  sublimation  ranging  from  10*^  to  10*^  cm/sec.  These 
rates  corresponded  to  a  change  in  surface  temperature  of  approximately  200^0 
for  ammonium  fluoride  and  approximately  AOO^C  for  the  other  three  halides. 

The  unusually  low  values  for  the  Arrhenius  frequency 
factor  and  activation  energy  observed  by  other  investigators  for  NH;,Cl'have 
been  verified  In  these  studies  and  found  to  extend  to  the  other  halides.  In 
all  cases,  the  measured  apparent  activation  energies  were  approximately  one- 
third  of  the  heat  of  sublimation.  Except  for  ammonium  fluoride,  which  has 
a  frequency  factor  of  10  to  100  tiroes  greater  than  the  other  halides,  the  frequency 
factor  Increases  with  increasing  molecular  weight. 

By  applying  the  Schultz-Deklwr  transition-state 
treatment  of  NHj^Cl  sublimation,  it  was  possible  to  calculate  linear  rates  of 
sublimation  which  are  In  reasonable  agreement  with  the  experimental  results. 
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k  detailed  dlecuealcm  of  these  etudlies  are  pzvsented 

in  Ap^ndix  B. 

3.  PecompoBition  of  Single  Crystala 
a.  Introduction  and  Analysis 

Considerable  effort  has  been  expended  in  many 
laboratories  on  studies  of  the  mechanisms  of  decomposition  Of  anmonitim  perchlorate 
(References  11-14) •  However,  it  appears  that  certain  abnormal  behavior  in  the 
crystal  still  exists  which  is  unexplained. 


It  has  long  been  assumed  that  a  simple  first  order 
transition  from  orthorhombic  to  a  cubic  struct\ire  takes  place  at  approximately 
240°C  (References  13,  14)  with  ammonium  perchlorate.  Changes  in  the  de¬ 
composition  rate  at  240^C  have  been  ascribed  to  the  formation  of  the  new 
cubic  structure. 


However,  investigations  at  the  Aerojet  laboratories 
of  the  crystal  transitions  of  ammonium  perchlorate  in  the  same  temperature  range 
by  X-ray  diffraction  techniques  suggested  that  this  picture  of  the  crystal 
transition  may  be  inaccurate.  The  X-ray  data  indicated  that  an  irreversible 
transition  occurred  at  240^0  which  Was  separate  and  distinct  from  the  reversible 
orthorhombic-cubic  transition  which  occurs  at  a  higher  temperature.  At  240°C, 
it  was  not  possible  to  show  a  structural  change  by  X-ray  diffraction,  although 
significant  Intensity  changes  did  appear  in  the  dlffractogram.  At  270*’C,  the 
cubic  structure  was  evident.  It  disappeared  on  cooling,  returning  to  the  pattern 
obtained  at  240°C.  Thtis,  it  appears  that  the  abnormal  deccaqjosition  behavior 
of  aoBioniun  perchlorate  in  the  neighborhood  of  240^  may  be  caus^  by  an 
irreversible  second  order  phase  transition. 

This  picture  receives  some  support  from  the  earlier 
work  of  Bireumahaw,  Newman  and  Fhillips  (References  11,  12)  who  observed  that. 
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although  the  rate  of  deeoDpoaition  of  aannonluii  perchlorate  went  through  a 
naxinum  at  a  temperature  slightly  below  245*%,  there  was  a  continuously 
decreasing  decomposition  rate  up  to  temperatures  of  approximately  25Q°C.  A 
continuously  varying  rate  would  be  expected  for  second  order  phase  transitions. 
However,  first-order  stinictural  transitions,  such  as  the  arthorhonblc  to  cubic 
change,  should  occur  sharply,  resulting  in  nearly  discontinuous  properties. 

Second  order  transitions  have  been  observed  In  other  ammonium  salts  (Reference  15). 
This  type  of  transition  Is  known  to  give  rise  to  a  specific  heat  anqnly  which 
would  be  expected  to  cause  a  modification  of  the  decomposition  behavior  of  the 
solid  (Reference  16). 

Experimenters  who  have  analyssed  the  data  of  anmonium 
perchlorate  decomposition  have  concluded  that  the  mechanism  consists  of  two 
steps  In  which  changes  In  the  physical  structure  of  the  solid  are  rate  determining. 
The  conclusions  of  Galwey  and  Jacobs  (References  13,  14)  are  that  the  low 
temperature  reaction  (to  300°C)  represents  the  decomposition  of  strained  material 
jn intermosaic  configurations,  while  the  high  tenqperatiure  reaction  represents 
the  decomposition  of  unstrained  material  formed -by  mosaic  blocks.  They  also 
conclude  that  the  low  temperature  reaction  Is  confined  to  the  intergranular 
material,  although  nucleation  occurs  at  the  boundaries  of  the  mosaic  blocks 
from  which,  the  reaction  grows  until  all  of  the  Intergranular  material  Is 
consumed. 

On  the  basis  of  the  preliminary  findings  at  the 
Aerojet  laboratories.  It  was  felt  that  a  re-evaluation  of  the  crystal  surface 
processes  was  needed  In  order  to  establish  the  cause  of  the  variations  In 
decomposition  rates  which  occur  in  the  neighborhood  of  240^  for  ammonium 
perchlorate.  It  was  believed  possible  that  a  second  order  phase  transltloo 
vdilch  took  place  at  temperatures  below  the  known  structural  change  was  the 
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rMl  cAUse  of  the  decompoeitlon  rate  change. 

b.  Summary  of  Results 

An  experimental  program  was  initiated  to  study  the 
reaction  kinetics  of  single  crystals  of  oxidizers.  Ammonium  perchlorate  was 
examined  initially  in  order  to  develop  the  necessa^  experimental  techniques 
without  undue  hazard;  and,  of  course,  because  of  its  importance  to  the 
theoretical  aspects  of  the  problem. 

Relatively  large  single  crystals  of  ammonium 
perchlorate  were  used  in  these  stvidies  and  were  prepared  by  means  of  a  temperature- 
differential  technique  described  by  Dreyfus  and  Levy  (Reference  17).  Single 
crystals  of  AP  were  decomposed  under  continuous  microscopic  observation.  A 
Zeiss  Ultraphot  II  microscope,  with  a  Leitz  hot-stage  attachment,  and  a 
Bausch  and  Lomb  metalograph  were  used  in  these  investigations.  The  results  of 
these  studies  are  shown  in  Figures  2  through  8. 

Two  views  of  a  decomposing  NH^CIO^  crystal  are 
shown  in  Figure  2.  This  photo  shows  the  orthorhcanbic-to~cubic  transition  in 
a.  single  crystal.  It  was  noted  that  the  transition  was  accompanied  by  the 
appearance  of  a  large  number  of  surface  cracks  and  an  apparent  sudden  increase 
in  surface  reaction  (i.e,,  growth  of  reaction  nuclei).  The  photo  on  the  right 
(Figui:'«r  2)  shows  the  transition  in  the  process  of  occurring,.  This  is  depicted 
by  an-  irregular  boundary  line  which  was  photographed  as  it  moved  from  the  top 
to  the  bottom  of  the  crystal.  The  increase  in  reactivity  at  this  point  is  in 
agreement  with  the  postulate  conderning  the  decospoSition  of  the  intermosaic 
structure. 

It  was  anticipated  that  shadow-cast  replica  techniques 
would  be  required  to  obtain  the  necessary  detail  tio  study  the  crystal  s\irfaces 
at  v^lous  stages  of  .decaaq>08ition.  However,  metallographic  examination  gave 
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sufficient  negnifieetion  for  these  studies. 

A  series  of  three  well-fomed  crjrstels  vies 
photographed  with  the  Beusch  and  Loinb  metallograph  using  three  nmgnifications, 
lOOX,  5OOX,  and  lOOOX.  These  original  pictures  were  selected  in  order  to  show 
some  identifying  feature  of  the  crystal  surrace  which  could  be  used  as  a  reference 
point.  Each  of  the  crystals  was  then  heated  \mder  vacuum  (5  x  10"^  mn  Hg), 
using  a  Nichroras  heating  element  situated/-’ 4  mm  above  the  surface  of  the  crystal. 
The  temperature  vois  determined  a  chrcnel-alumel  thermocouple  held  againsjt 
the  crystal  surface  by  its  own  tension^  and  the  emf  was  read  on  a  potentio- 
memter.  The  crystals  were  heated  according  to  the  following  schedule:  Crystal 
No.  1  was  heated  at  190°C  for  three  separate  intervals  of  30  min  each;  Crystal 
No.  2  was  heated  at  220°C  for  three  intervals  of  15  min  each;  and  Crystal  No.  3 
was  heated  at  250^C  for  three  intervals  of  3  min  each.  After  each  of  the  heating 
intervals,  the  resulting  crystal  surface  was  photographed  using  some  unique 
surface  detail  to  identify  the  original  area. 

A  study  of  the  completed  series  of  photographs 
resulted  in  several  generalized  observations.  The  original  crystal  surfaces 
were  smooth  with  some  wrinkling  and  showed  a  number  of  cleavage  planes.  This 
behavior  is  Illustrated  in  Figure  3.  Upon  heating,  the  surfaces  changed 
radically  and  took  on  a  mottled,  eunorphous,  quasi-liquid  appeax^ce,  punctuated 
vdth  numerous  very  small  irregularities  (Figure  4) • 

The  observations  with  each  of  the  crystals  may  be 


summarized: 


Crystal  No.  1  Cl90°C);  An  amorphous  layer  of 
unknown  thickness  formed  on  the  surface,  appeared  to  loosen  frcm  the  crystal 
substrate,  and  then  separated  into  many  clumps  of  various  sizes,  vdiich  upon 
further  heating,  formed  single  rhombic  crystallites.  The  larger  crystallites 
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grew  faster  than  the  smaller  ones;  after  the  final  heating,  the  amorphous  material 
was  gone,  having  been  replaced  by  crystalline  structures.  The  entire  surface 
was  then  covered  with  individual  rhombic  crystals,  (Figure  5). 

Crystal  No.  2  (  220°C)i  The  same  resTilt  was  noted 
with  this  crystal  as  was  described  for  Crystal  No.  1,  except  that  the  transition 
took  place  more  rapidly,  being  completed  within  the  first  heating  interval  of 
15  min,  (Figure  6) .  However,  after  the  last  heating  period  (total  heating 
time,  45  min)  the  crystallites  seemed  to  degenerate  somewhat,  and  their  out¬ 
lines  became  less  clearly  defined  (Figure  7). 

Crystal  No.  3  (2500C);  None  of  the  crystallite 
growth  observed  at  lower  temperatures  was  detected.  Continued  heating  of  this 
crystal  only  resulted  in  a  darkening  and  rapid  deterioration  of  the  original 
surface  characteristics.  After  the  final  heating  period,  the  surface  of  the 
crystal  exhibited  a  mottled,  appearance  lacking  in  stinicture  (Figure  8).  This 
crystal  appeared  milky  and  opaque  as  contrasted  with  Crystal  No.  1,  which  was 
still  fairly  clear,  and  Crystal  No.  2,  which  was  beginning  to  appear  slightly 
milky. 

These  studies  indicate  the  need  to  determine  idiether 
the  amorphous  layer,  which  first  appears  to  form  on  the  large  crystal  surface, 
is  transformed  into  crystallites  or  decomposes  (or  sublimes),  leaving  behind 
the  observed  structures.  It  is  thought  that  the  points  on  the  surface  where  the 
tiny  crystals  form  are  defect  sites,  but  the  cause  of  the  process  is  still 
speculative , 

To  date,  these  studies  have  been  primarily 
phenomenological  in  nature.  However,  the  results  obtained  thus  far  clearly 
show  the  need  for  this  type  of  study.  It  is  firmly  believed  that  such  data, 
when  compared  with  kinetic  deccoposition  data  for  particulate  samples  of 


-16- 


Report  0372-OlF 


the  same  material  will  help  elucidate  the  decomposition  mechanisms  involved 
and  the  Importance  of  crystal  imperfections  on  rates  of  reactions  in 
crystalline  solids. 

This  phase  of  the  program  vaiS  discontinued  at  this 
point  due  to  a  decrease  in  funding  of  the  program. 

C.  MECHANISM  OF  COMBUSTION:  REACTION  PROCESSES  IN  COMBUSTION  OF 
PROPELLANTS  CONTAINING  AMMONIUM  PERCHLORATE 

1.  Reaction  Processes  in  Combustion  of  Solid  Propellants 
a.  Ger^ral  Considerations 

The  fiindamental  ejqjerimental  and  theoretical  studies 
on  solid  propellant  combustion  which  have-  been  carried  out  at  Aerojet,  as  well 
as  in  other  laboratories,  have  led  to  a  concept  of  combustion  in  which  the  solid 
ingredients  gasify  under  the  thermal  influence  of  a  flame  to  form  reactive 
species  which  then  undergo  gas-phase  redox  reactions  to  propagate  that  flame. 

The  mass-flow  and  energy  of  each  reaction  step  in  the  burning  process  are  of 
necessity  coupled  to  each  other  by  the  conservation  equations.  Suitable 
mathematical  models  of  varying  complexity  have  been  developed  to  describe  this 
coupling  process,  and  have  been  tested  with  some  success  against  burning  rate 
data  for  ammonium  nitrate  (AN)  and  ammonium  perchlorate  (AP)  composite  pro¬ 
pellants  .  In  spite  of  the  overall  agreement  between  these  mathematical  treat¬ 
ments  and  experimental  burning  rate  data,  relatively  little  headway  has  been 
made  in  predicting,  by  one  of  these  models,  the  effects  of  specific  propelleuit 
binders  and  additives  on  the  combustion  properties.  In  this  connection,  the 
failure  of  the  models  is  due  primarily  to  the  lack  of  information  on  the 
specific  chemical  reaction  mechanisms  which  give  rise  to  the  burning  process, 
and  the  attendant  kinetic  data  under  burning  conditions. 

The  primary  purpose  of  the  combustion  research 
being  carried  out  under  the  present  contract  is  the  study  of  the  chemical 
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reactions  which  are  deemed  important  in  determining  the  burning  properties 
of  solid  propellants.  The  basic  problems  associated  with  such  an  approach  are 
essentially  three-fold,  viz; 

1)  the  design  and  analysis  of  experiments  to 
elucidate  the  chemical  nature  of  the  combustion  process; 

2)  the  development  of  experimental  and  theoretical 
methods  suitable  for  obtaining  the  necessary  specific  reaction  rate  data.; 

3)  the  development  and  testing  mathematical 
combustion  models  based  upon  the  proposed  chemical  mechanisms. 

These  problems  must  be  attacked  simultaneously 
since,  more  often  than  not,  the  advances  mad©  in  each  problem  area  are  inter-- 
dependent.  Also,  the  relatively  unusual  reaction  conditions  (e.g,,  high 
pressure  and  temperature,  surface  heating,  etc.)  have  often  required  the 
examination  of  the  applicability  of  the  existing  basic  theories  of  reaction 
rates  themselves. 

The  progress  made  at  Aerojet  towards  the  goals  of 
the  present  contract  (and  its  predecessors)  is  well  documented  in  var5.ous 
reports  and  publications  (see  Appendix  G),  particularly  in  the  area  of  the  nature 
of  the  solid  phase  reactions  and  their  relationship  to  the  btiming  rates  of 
AN  and  AP  composite  propellants.  More  recently,  research  efforts  have  delved 
in  greater  detail  into  the  kinetics  of  the  gas-phase  redox  reactions  which  give 
rise  to  the  flame  processes  near  the  bvirning  propellant  surface.  It  is 
believed  that  the  effects  of  pressure,  binders  and  other  additives  on  propellant 
burning  are  due  primarily  to  changes  in  the  specific  rates  and/or  nature  of  these 
redox  reactions.  Considerable  progress  has  been  made  in  elucidating  the  nature 
of  some  of  these  gas-phase  reactions,  and  in  developing  techniques  for  determining 
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their  kinetics  under  flame  conditions.  At  present,  particular  emphasis  is 
being  placed  on  reactions  involving  ammonia  and  oxidizers  of  the  chlorine- 
oxygen  and  nitrpgen-oxygen  types.  These  advancements  are  discuiseed  in  a  following 
section. 

The  following  sections  are  devoted  to  a  discussion 
of  the  concepts  behind  the  formulation  of  the  current  program  of  research  and 
the  pertinent  results  of  the  work  completed  on  the  contract, 

b.  Solid  Propellant  Combustion  Model 

The  combustion  model  taken  is  that  developed  at 
Aerojet,  and  is  based  upon  the  concepts  of  the  two  temperature  postulate  and 
thermal  layer  theory  of  propellant  combustion.*  These  concepts  have  been 
described  extensively  in  the  literature  (21,  22,  23)  and  are  sxinmarized  in 
Section  II  in  Appendix  F. 

Briefly,  it  is  believed  that  the  major  surface 
reaction  processes  in  AP  propellant  ccmbustion  involve  the  gasification  of 
ammonium  perchlorate  to  gaseous  HCIO/^  and  NH^,  which  then  undergo  a  rapid 
exothermic  redox  reaction  resulting  in  a  primary  flame  close  to  the  oxidizer 
surface  (within  a  distance  of  about  100 (jL) ,  This  flame  zone  is  essentially 
the  thermal  layer.  Under  the  influence  of  this  redox  flame,  the  polymeric 
binder  in  the  vicinity  of  the  oxidizer  vaporizes  (probably  by  a  surface 
thermal  degradation  process)  and  diffuses  away  from  the  surface.  The  reaction 
between  the  pyrolysis  products  of  the  binders  and  the  oxidizer  redox  flame 


This  model  is  somewhat  at  divergence  with  the  Granular  Diffusion  Flame  model 
of  Summerfield  (Reference  18).  However,  it  is  in  accord  with  the  model  of 
amnoniw  perchlorate  strand  deflagration  described  Friedman  (Reference  19) 
and  with  the -model  Vandenkerckhove  (Reference  20)  has  used  in  describing 
resonant  burning. 
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is  diffusion  controlled,  and  its  influence  upon  propellant  iDurning  rate 
depends  upon  the  extent  of  diffusion  into  the  thermal  laycrr.  It  is  possible 
that  at  elevated  pressures  ( >100  psi),  most  of  the  binder  oxidation  occurs 
too  far  from  the  oxidizer  particle  surface  to  influence  the  surface  temperature 
gradient  to  any  significant  degree.  However,  at  lower  pressures  this  does, 
not  appear  to  be  the  case. 

The  effect  of  pressure  on  the  rate  processes  has 
been  considered  to  be  two-fold:  (l)  to  change  the  rate  of  the  NH^^HCIO^  gaseous 
redox  reactions;  (2)  to  alter  the  rate  of  diffusion  of  the  binder  and  oxidizer 
pyrolysis  products. 

It  is  evident  that  the  role  of  burning-rate  catalysts 
could  be  to  increase  the  rate  of  the  UH^-HClOj^  redox  reaction.  Thus,  it  appears 
that  the  rates  of  surface  decott^iosition  Of  solid  oxidizer  and  polymeric 
binder;  the  rates  of  reaction  of  HClOj^  with  and  binder  degradation  products; 
and  the  rates  of  diffusion  of  binder  and  oxidizer  gases  are  the  basic  parameters 
which  define  the  propellant  burning  characteristics. 

Much  of  the  recent  research  on  the  present  contract 
has  been  devoted  to  a  study  of  the  rates  of  the  oxidizer  gas-phase  reactions. 

c.  Surface  Decomposition  of  Ammonium  Perchlorate 

Utilizing  the  hot-plate  linear  pyrolysis  technique, 
t:.i  linear  rate  of  surface  decomposition,  B,  for  ammonium  perchlorate  has  been 
reported  to  be: 

••  B  =  hSOO  exp(-22000/RT^)  cm/sec 
corresponding  to  a  sublimation  process, 

NHj^ClOi^  (solid)  - >  (g)  +  EClOi^  (g) 

B  is  the  linear  regression  rate  of  the  surface  measured  as  a  function  of  surface 
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teiii|}erature,  T^.  The  8ubl:)natlon  process  probably  involves  a  proton  transfer  at 
the  solid  surface  followed  by  desorption  of  HCIO^  and  NH^  from  the  surface. 

Upon  combustion  of  the  ammonium  perchlorate,  rapid  decomposition  of  the  HCIO^^ 
occurs  (catalyzed  by  NH^)  making  the  above  reaction  irreversible.  Preceding 
the  swface  evaporation,  partial  decomposition  by  the  following  exo- 

theniic  solid-phase  reaction  occurs  (References  24,  25,  26,  27): 

2  NH^CIO^ - »  CI2  +  3/2  O2  +  4  HgO  +  N2O 

This  reaction  is  ’id  to  occur  b7  means  of  an 

electron  transfer  process  in  the  so-called  int  (defect  lattice)  material, 

and  resTilts  in  an  apparent  lowering  of  the  endothex .  i  1  01  the  overall  surface 
sublimation.  The  extent  to  which  the  intermosaic  reaction  affects  the  aBmu}id.iaii 
perchlorate  deflagration  rate  has  yet  to  be  studied. 

d.  The  Gaseous  Reaction  of  Ammonia  With  Perchloric  Acid' 

_  The  experimental  study  of  the  reaction  between  (g) 

and  HC10|^  (g)  is  severely  Complicated  by  the  highly  reafctive  nature  of  the  system, 
even  at  low  temperature  and  pressxire.  Early  exploratory  studies  under  Contract 
AF  49(63R)-366  demonstrated  that  NH^  (g),  at  initial  gas  temperatures  as  low  as 
25-40°C^ could  be  oxidized  to  NH^Cl  almost  instantaneously  upon  admixture 

with  HCIO^.  The  same  result  was  found  to  occur  in  attenpts  to  establish  an 

NH^  +  HCIO^  flame  in  the  opposed- jet  reactor.  The  solid  product  NH4CI  can  be 
explained  by  the  deccsnposition  of  HC10j|^  to  CI2  followed  by  oxidation  of  NH3 
by  Cl^  to  NH^^Cl  (g)  +  N2.  These  ocploratory  studies  led  to  an  intensive  sttidy 
of  the  isotheraal  decoi^KMltion  of  HClOj^  at  temperatures  as  high  as  250*’C 
(Appendix  C) . 

A  salient  fer^'ire  of  the  isothermal  decomposition 
studies  was  the  relatively  slow  rate  of  decoiq)ositlon  of  HC10|^  as  compared  with 
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th«  rapid  NHj  oxidation  reaction.  Hotrevar,  it  was  obeerrad  (Reference  28) 
that  the  sudden  addition  of mole  %  of  NH3  to  slowly  deooi^osiiiR  pure 
HClpji^  (T  ■»  230®c)  caused  the  reaction  to  becos*  'etewoue  and  led  to  a  rapid 
deeo^>ositlQn>  Thus,  it  would  appear  that  small  amounts  of  NH3  ** catalyze" 
the  HClOji^  decomposition  at  elevated  temperatureB.  ThiP  obeervation  has  important 
implications  in  connection  with  the  aP  deflagration  reaction  mechanism  >d)ieh  ie 
proposed  in  the  foUovring  section. 

e.  A  Proposed  Reaction  Scheme  for  9olid  Ammonium  Perchlorate 
Deflagration 

The  available  information  oh  ammonium  perchlorate 
deeaaqoosition,  its  deflagration  products  and  the  reactions  of  NH3  with  HCIO^, 

O2  and  CI2,  idiich  has  been  accumulated  by  Aerojet  and  others  agrees  with  the 
following  proposed  reaction  schem*  which  ip  based  upon  the  burning  Of  one  mole 
of  HHji^ClO^  (solid)  1 


Solid  Phase 


(1)  1/3  NHiClO^  (intermosaic)  -bi^^tr^.^  ^  ^  2/3  H2O  + 


1/6  N20 


(2)  2/3  NHi^ClO^  (mosaic)  ^3  NH3(g)  +  2/3  80104(1) 


LS  Phase  (Irreyersible) 


(3)  HCIO.  +  HH,  (trace)  -^2 - >1/3  HgO  +  l/3  Cl-  +  7/6  Oj 

**  ^  (fast) 


(A)  X  NH3  +  3x/2  CI2  J^x/2  +  3x/2  HgO 

(5)  y  NH3  +  5y/A  0^  Jl^y  no  -►  3y/2  H^o 

(6)  s  NH3  +  3*/2  1I0J^6>5z/4  N2  +  3z/2  HgO 

Gap  Phase  (Reversible)  ^  Reactions  are  written  so  that  high  tP^PPrature  favora 


the  right  hand  side. 


(7)  CI2  +  H2O 


■_  Mm. 

'%7 


2  HCl  ■«-  1/2  O2 


.22 
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(8)  NH^Ci  (solid)  •  '  »  nu  (g)  +  HCl  (g) 

k*g 

(9)  NO,  .  NO  +  1/2  0, 

(10)  NOCl^— -  NO  +  1/2  Cl, 

*'blO 

It  my  be  seen  froa  this  schene  that  the  gas  phase 
oxidation  of  ammonia  involves  the  competing  reactions  (4)  through  (,6)>  with  the 
reversible  reactions  (7)  through  (10)  acting  as  buffers  to  control  the  con¬ 
centrations  of  reactants  and  products. 

It  should  be  pointed  out  that  the  total  amount  of 
NH^  (g)  available  for  oxidation  by  this  scheme  is  only  2/3  mole  per  mole  of 
NH|^C10^  (i.e,,  x  +  y+  z  =  2/3).  Inasmuch  as  the  only  source  of  NO  considered 
is  reaction  (5),  this  sets  an  upper  limit  to  the  amount  of  NH3  (g)  that  can  be 
QXidiaed  by  reaction  (6)  (i.e.,  »  2y/3  =>=  4/15  -  2x/5). 

It  is  interesting  to  compare  the  distribution  of 
deflagration  products  which  wo\ild  be  expected  by  summing  reactions  (l)  through 
(6)  in  the  above  reaction  schene,  with  the  distribution  determined  by  J.  Levy 
and  R,  Friedmn  (Reference  19)  from  sampling  measuremnts  on  burning  strands 
of  solid  ammonium  perchlorate.  Their  insults  at  l^atm.,j|ind  70  atm  pressure  an>lled 
to  the  sum  of  reactions  (1)  through  (6)  above  gives: 

1  atm  (Tf  =  1240°K  ) 

NHj^ClO^(s)  =  0.125  Ng  +  0.10  NgO  +  0.55  NO 

+  0.5  Clg  +  2.00  HgO  +  0.675  0^ 

70  atm  (Tj  =  1260OK  ) 

NH|^C10^(s)  -  0.265  N2  +  0.12  NgO  +  0.23  NO 

+  0.12  CI2  +  0.76  HCl  ■«-  1.62  HgO  +  1.015  Otj 
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Sum  of  Remctione  {l)  through  (6) 

NH^C10^(8)  -  (x/2  +  5zA)  Ng  +  1/6  NgO  +  (y  -  3ii/2)  NO  +  (1/2  -  3x/2)  Glj, 
+  3x  HCl  +  [3(y+z)/2  +  l]  HgO  +  (17/12  -  5y/4)  0^ 

assuming  values  for  x  and  z  to  match  the  ex¬ 
perimental  values  of  HCl  and  N2j>  it  is  possible  to  calculate  the  remaining 
product  distribution.  The  results  of  these  calculations,  shown  in  Figure  % 
are  in  striking  agreement  with  the  experimental  values. 

It  is  evident  from  the  preceding  discussion  that  the 
proposed  reaction  scheme  has  afforded  a  good  deal  of  insight  into  the  nature 
of  AP  propellant  ccmbustion,  and  that  there  is  growing  evidence  that  the  overall 
kinetic  behavior  of  the  NH^-HCIO^  redox  flame  reaction  is  governed  by  at  least 
two,  and  perhaps  three  competing  ammonia  oxidation  reactions,  viz;  by  O2,  CI2 
and  NO.  Thus,  the  kinetics  problem  of  determining  the  rate  of  heat  release 
near  a  burning  oxidizer  surface  would  involve  the  determination  of  the  parameters 
in  the  expression  ^  ^ 

if  -  f  Vi  [*if  <2> 

where  =  the  volumetric  rate  of  heat  release 

i  refers  to  the  various  anmonia  oxidation  reactions. 

is  the  oxidant  of  the  reaction. 

Hi  =  the  heat  of  i“’“  reaction  per  mole  of  NH^  consumed, 
ki  =  the  specific  rate  constant  of  the  i^h  reaction, 
a^  +  b^  =  the  overall  reaction  order  of  the  i^^  reaction, 

2,  Thermal  Deccpposition  of  Anhydrous  Perchloric  Acid  Vaoor 
a.  Introduction 

Under  Contract  No.  AF  49(638) -366  a  brief  attempt 
was  made  to  study  the  reaction  between  anmonia  and  perchloric  aci4.1n  a  static 


— 2i!^»’ 
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system.  The  reaction  occurred  too  rapidly  to  obtain  rate  data  even  at  low  ' 
temperatures (25  >  40°C). and  pressures.  Mass  sp'ectrographlc  analysis  of  the 
reaction  products  indicated  that  decomposition  of  the  perchloric  acid  probably  i‘ 
played  an  important  part  in  the  reaction.  For  this  reason,  a  sttidy  of  the 
kinetics  of  the  thermal  decomposition  of  gaseous,  anhydrous  perchloric  acid 
vias  undertaken.  Work  on  this  phase  of  the  program  lets  Initiate^  under  Contract 
AF  49(638) -5^  and  has  been  completed  under  the  present  Contract,  AF  49(63^) -^$1. 

b.  Experimental 

The  decomposition  of  anhydrous  perchloric  acid 
samples  was  studied  betmen  165^  and  250^0  using  two  types  of  systems.  Ih  one, 
add  samples  were  decomposed  In  an  all-glass  apparatus  iamersed  In  an  opaque  oil 
bath  and  pressure  changes,  indicated  by  a  glass  Bourdon  gage  and  a  pressure 
balancing  syston,  were  used  to  follow  the  rate  of  the  reaction.  A  second 
system  allowed  an  intermittent  determination  of  chlorine  concentration  by  use 
of  a  photoelectric  colorimeter  >diile  simultaneous  pressure  readings  were 
obtained. 

In  the  course  of  these  studies,  the  effects  of 
a  wide  variation  in  initial  perchloric  acid  pressure  were  studied;  pressures 
between  8  and  280  mm  were  used.  In  addition,  the  surface>to-volume  ratio  in 
the  reactors  were  varied  between  1.7  and  12  cm^/cnP  by  the  addition  of  ?jrmx. 
beads,  in  selected  experiments.  (See  Appendix  C  for  details.) 

c.  Summary  of  Results 

The  experimental  data  indicated  that  the  decoeq>ositloii 
of  anhydrous  HC10|^  does  not  take  place  by  a  simple  reaction  scheme .  Initially 
the  reaction  occurs  by  a  mechanism  ^ich  is  second-order  in  perchloric  acid. 
However,  after  approximately  505f  of  the  acid  has  been  destroyed,  a  first-order 
mechanism  is  rate  controlling «  Both  reaction  mechaniaes  were  found  to  be 
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extrenely  sensitive  to  the  preseMe  of  surfeee,  Aether  added  or  the  original 
reactor  walls •  ^ 

The  anount  of  chlorine  evolved  was  found  to  be 
directly  proportional  to  the  amount  of  decomposed  acid  at  all  times.  By  use 
of  a  R\inge«-Kutta  Gill  program  on  an  IBM  7090  computer  system  a  demonstration  of 
the  fit  of  the  data  to  the  reactions 


2HC10^ 

H2G  +  CI2  +  7/2  O2 

(1) 

HCIO^  +  H2O - - 

-  HCIO^  •  H2O 

(2) 

ko 

HCIO^  .  H2O - -=-• 

-  3/2  H2O  +  1/2  CI2  +  7/4  O2 

(3) 

has  been  carried  out.  A  portion  of  the  results  of  such  computations  are  compared 
to  experimental  data  in  Figure  lOi 

The  rate  of  reaction  (3)  on  the  Pyrex  surface  is 
inhibited  by  one  of  the  reaction  products j  almost  certainly;,  water.  Apparent 
activation  energies  of  13.4  and  33.8  Kcal/mole  were  obtained  for  reactions  (1) 
and  (3) p  respectively,  where  the  latter  value  takes  into  account  the  heat  of 
adsorption  of  water.  A  hydrated  Cl20y  species  has  been  postulated  as  the 
activated  complex  for  reaction  (l).  It  is  believed  that  a  competitive 
adsorption  mechanism  best  satisfies  the  requirements  of  the  data  on  reaction 
(3)  .  See  Appendix  C  for  a  detailed  discussion  of  this  work. 

3.  OpposedWet  Diffusion  Flame  Studies 
a .  Introduction 

The  study  of  gas  phase  reactions  between  reactive 
gaseous  species  associated  with  the  combustion  of  solid  composite  propellants 
has  been  handicapped,  until  recently,  by  the  lack  of  a  suitable  technique  which 
could  be  enqployed  at  flame  temperatures.  The  development  of  the  opposed- Jet 
reactor  by  Potter  and  Butler  (Reference  29)  makes  possible  the  study  of  highly 


-26. 


Report  O372-OIP 

reactive  components  such  as  those  iriilch  are  desorbed  from  the  surface  of  a 
subliming  or  decomposing  surface  of  a  solid  propellant.  An  anlysis  of  this  type 
of  experiment  has  been  made  by  Spalding  (Reference  30)  viho«  within  the  limits 
of  a  set  of  simplifying  assumptions  has  shown  the  relationships  between  chemical 
kinetic  theory  and  the  flame  properties  measured  by  the  opposed-^Jet  diffusion 
flame  reactor.  Pandya  and  Weinberg  (Reference  31)  have  demonstrated  the  use 
of  the  technique  to  study  temperature  distributions  across  flat,  premlxed 
flames  to  make  possible  the  meas\u*ement  of  heat  release  rates. 

Earlier  theoretical  studies  by  Zeldovlch  (Reference 
32)  and  by  Spalding  (Reference  33)  demonstrated  the  existence  of  a  fundamental 
property  of  diffusion  flames  which  could  be  made  the  basis  of  a  combustion 
measurement.  These  workers  shoiied  that  idien  the  flow  of  fuel  and  oxidant  into 
the  reaction  zone  of  a  diffusion  flame  exceeded  a  critical  value  the  chemical 
reaction  could  not  keep  pace  and  the  reaction  ceased.  In  the  opposed -jet 
technique,  the  mass  flows  of  fuel  aund  oxidant  are  Increased  until  the  critical 
flows  are  reached  at  which  the  flame  is  extinguished  in  a  region  surrounding 
the  jet  axis.  Potter,  st.  (References  29,  34,  and  35)  defined  the  highest 
mass  flow  rate  at  which  the  flame  remained  unbroken  as  the  “apparent  flame 
strength,"  This  value  was  obtained  from  the  average  of  the  sum  of  the  mass 
flows  of  fuel  and  oxidant  divided  by  the  cross  sectional  area  of  the  jet  so  as 
to  give  a  value  of  the  mean  mass  flow  per  unit  area.  This  result,  idten 
multiplied  by  the  theoretical  ratio  of  axis  to  mean  flow  velocity  (2.0),  gava 
the  mass  flow  rate  per  unit  area  at  the  jet  axis. 

During  the  current  contract  period,  the  opposed- jet 
technique  was  used  to  determine  the  apparent  flame  strength  of  several  of  the 
reactions  deemed  important  in  the  combustion  of  solid  c«q>osite  propellants 
containing  ammonium  perchlorate.  These  results  are  described  in  subsequent 
sections. 

-27- 


-- 


fieport  0372-01P 


b.  Theory  of  the  Opposed- Jet  Diffusion  Plsme 
Reactor 

In  this  section,  the  results  of  the  theory  of 
extinguishment  of  diffusion  flames  supported  from  opposed- jets  will  be  outlined, 
Spalding  (Reference  32)  has  developed  a  mathematical  theory  which  shows  the 
relationships  between  the  fluid  mechanic,  mass  transfer  and  chemical  kinetic 
factors  of  the  opposed- jet  reactor  system. 

As  a  basis  for  this  development,  it  was  assumed  that 
jet  diameters,  gas  density  and  gas  velocity  of  the  oxidizer  and  fuel  streams 
are  equal.  (A  parallel  theoretical  development  appears  required  for  variations 
in  gas  density  and  velocity,  if  this  technique  is  to  achieve  maximum  value). 
Using  as  a  model  the  impingement  of  an  inviscid  fluid  jet  on  a  flat  plate,  the 
solution  of  the  equation  of  motion  of  the  gas  stream  requires  that  a  flat  flame 
be  obtained  in  which  the  flame  thickness  is  not  greater  than  0,2  D.  D  is  the 
diameter  of  the  jet  approaching  the  impingement  zone.  The  diagram  shown  on 
the  next  page  indicates  the  situation  between  the  jet  nozzles. 

Applying  the  mass  conservation  principle  to  the 
impingement  region,  it  was  possible  to  solve  for  the  flame  location  and  the 
b;uiiing  rate  in  the  flame.  The  position  of  the  flame  was  defined  by 


S, 


stoich 


where 


m. 


fu,. 


r 


=  the  mass  fraction  of  the  oxidizer  in  the  oxidizer  stream 
=  the  mass  fraction  of  the  fuel  in  the  fuel  stream 
B  the  mass  of  oxidizer  consumed  per  tmit  mass  of  fuel 
=  the  fuel  gas  density 

=  the  jet  velocity  approaching  the  impingement  area 

s  the  exchange  coefficient  (defined  as  the  thermal  conductivity 
of  the  nixture  divided  by  the  specific  heat  at  constant  pressure) 


=  1/2  [l  + 
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MODEL  OF  0PP06ED-JET  SYSTEM  (Spaldlfig) 
tad*  «f  Spmtairj 


QEIDANT  JET 


iD^dfigflewnt 

Reglen 


FUEL  JET 


In  thle  flgiirei  0  «  The  diaaeter  of  the  Jot  approaching  the  plate 
X  ■  The  radial  diatanee  froa  the  axle  of  ajraaetsy 
7  •  The  diatanee  froa  the  plane  of  aTPMtzy  to  the  fuel  Jet 
U  ■  The  Telooltj  in  the  Jet  i^jproaehiag  the  p^te 
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and  ^stoich  “  distorted  distance  along  the  y  axis  which  indicates  the 
location  of  the  flame  under  stoichiometric  conditions. 

Values  of  D  against  have  been  computed  and  are  available 


for  use. 


Thus,  computation  of  '^he  mass  fraction 


of  material  derived  from  the  fuel  streaun  at  stoichiometry  permits  the  determination 


of  the  flame  coordinate,  1 


stoichi 


//OjU/'^D,  For  example,  for  a  propane-air 


system  where  the  following  reaction  is  assumed: 

C^Hg  +  5  Og  - ►  3  CO2  +  4  H2O 

r  =  3.63  lb  oxygen/lb  propane 


OX,-oo 


0.222 


=  1.0 


fU,«a 

^stoich  =0.057  _ 

The  resulting  value  of  Y''\^U/^D»-1.0  indicates 
that  the  flame  lies  well  on  the  oxidant  side  of  the  stagnation  point. 

The  burning  rate  in  the  flame,  Qcan  be  defined  in 
terms  of  the  mass  fraction  f,  of  material  derived  from  the  fuel  stream  >diich 


is  present  in  the  local  mixture . 


'  stolch 


D^u 


,  A.  U  2  X 
^  stoichl 


-  Stolch) 


Q  is  ..defined  by  Equation  (3)  and  by 


J-Aio  UY^l 

D  "  J 


(1  -  f) 


where  m^^  is  the  mass  burning  rate  of  the  fuel  per  unit  area  of  diffusion 
flame  and  the  other  terms  have  the  meanings  indicated  above. 

Values  of  Q  have  also  been  cogpited  as  a  function 
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of  f  and  are  available. 


The  chemical  kinetic  aspects  of  the  theory  have  been 


obtained  by  solution  of  the  differential  equation  for  the  fuel  concentration  m^: 

.  ^  _d_  (7) 

^  dy  dy  '  dy  ” 


where  mjy 


])  =  the  velocity  of  gas  in  the  y  direction 

“  the  rate  of  creation  of  the  fuel  by  chemical  reaction  per 
unit  volume.  Other  notation  remains  as  indicated  previously. 

The  volumetric  reaction  rate  m^  is  a  function  only 


of  the  reactants,  pressure,  local  ten^serature  and  the  local  mass  fractions  of 
fuel  and  oxidant,  provided  that  the  chemical  reaction  is  a  single  step  or  pro¬ 
ceeds  by  specified  classes  of  chain  reactions  (Reference  36) . 

Employing  a  variable  change,  the  rate  expression 
may  be  put  in  the  following  form: 


-A— 1 _ 


where 


U 


In  these  equations, 

^max  “  maximum  rate  of  consumption  of  fuel  at  extinction 

Vp  =.  a  non-dimensional  reaction  rate  defined  as  R/R^^y 


Numerical  integration  of  Equation  (8)  to  obtain  the 
lowest  value  ofy\^under  the  restraint  that TY must  approach  unity,  gives  the 
extinction  coefficient  of  the  flame.  The  value  of_/Vdepends  on  the  activation 
energy  of  the  reaction,  reaction  oilier  and  the  values  of  f  in  the  originating 
Jets. 

The  value  when  applied  to  Equation  (9) 
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permits  the  calculation  of  R  from  the  jet  velocity  at  extinctions  U  . . 

IQftJC  6Xv 

Thus,  the  relationship  between  U  .  and  R  depends  uniquely  on  chemical  properties, 

©3CXi  JDfllX 

It  can  now  be  shown  that  the  extinction  condition 

takes  the  form 


°Rmax 


approximation: 


2U/ 

ext  ^  ^^stoich  ^stoich 

~  fF“ 


(10) 


stoich  ^'^fu 


Applying  the  Zeldovich,  Frank-Kamenetsky 


®^fu,oo  ^stoich  ^ 


sttOjLcli  /w  •  III  j_ 

/“fu  ‘^u 


where  G  is  the  mass  flux  normal  to  a  laminar,  premixed  flame  propagating  through 
a  stoichiometric  mixture  fonned  from  the  fuel  and  oxidant  stream. 


Then,  m^.^^  ^  ^stoich  ®fu,  •©  ^stoich  ^.tolch-w 

Eliminating  'i/stoich  ®max  Equation  (lO) 


(12) 


^oa^ext 


7. 


^  ^  ^  I  «  ^  stoich 
7^  /  Q  stoich 


(13) 


Equation  (5)  allows  the  elimination  of  U  aixi  D  from 
this  expression  so  that  ext «"ifu,  •„  ^stoich  ^ 

This  equation  indicates  that  the  flame  strength  is  approximately  equal  to  the 
burning  rate  of  the  fuel  component  per  unit  area  for  a  laminar  flame  propagating 
through  a  stoichiometric  mixture  of  the  gases  of  the  diffusion  flame. 

Making  use  of  this  development,  the  rate  of 
creation  (negative  of  the  rate  of  destruction)  of  the  fuel  hy  chemical  reaction 
per  unit  volxone  may  be  expressed  as: 
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‘‘fUj  max 


stoich 


stoich  stoich 


This  may  be  eval\iated  from  the  experimental  data  and  the  computed  ntunerical 
values  ofQas  a  function  of  f.  An  assumed  value  of  the  average  reaction 
rate,  must  be  applied.  is  a  ntunber  smaller  than  unity,  normally  with 

a  value  lying  between  0.33  and  0.17.  "lay  tie  evaluated  by  construction  of 
contours  on  the  plane,  4^is  the  average  value  ^along  the  line  f  == 

For  propjane-air  at  atmospheric  conditions  V|/afO,25.  Spalding  has  reported  that 
exact  values  of  the  '^function  are  being  computed. 

The  volumetric  heat  release  rate  may  also  be 
obtained  by  multiplying  by  the  specific  heat  of  combustion  of  the  fuel. 

Three  valuable  results  are  implied  in  this  theory," 

(1)  From  Equation  (lO),/®^  (AFS),  the  mass 

flow  rate  per  xmit  jet  cross  sectional  area  at  extinguishment,  is  shown  directly 
proportional  to  the  modified  rate  of  consumption  of  fuel  per  unit  volume. 

From  this  proportionality  it  should  be  possible  to  determine  the  total  dependence 
of  the  volumetric  rate  upon  presswe  and  to  gain  some  insight  into  the  mechanism 
of  the  flame  reaction,  since  both  R  experimentally  determined 

quantity,  will  have  the  same  presstire  dependence. 

(2)  From  the  same  eqmtion,  it  appears  that  the 
"flame  strength"  is  independent  of  the  transport  properties  of  the  gases.  Thus, 
this  technique  will  permit  a  study  of  the  kinetic  factors  of  the  flame  processes 
without  requiring  detailed  knowledge  of  diffusion  coefficients  of  individual 
gases  in  the  mixture  or  of  thermal  conductivity  properties  of  the  mixture. 

(3)  From  Equation  (13),  at  constant  values  of 

D  and  'jCa »  be  shown  how  the  mass  buzmlng  rate  of  fuel  in  a  laminar  flame 
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and  "flame  strength"  are  related* 


^ext 


a 


(a. 


Q 


stoich 


)' 


(16) 


In  this  expressionj  the  product  ^  ^stoich  ^  mass  burning  rate  in  a 

laminar  flame.  is,  of  course,  the  mass  velocity/unit  area  of  the  "flame 

strength"  measurement. 

A  number  of  experimental  limitations  tave  been  pointed 
up  by  the  theoretical  results  outlined  above. 

(1)  The  solutions  hold  for  flairiC  thicknesses 
of  approximately  0.2  D.  Translated  into  the  terms  of  a  Peelet  number, 

U  D 


a  value  > 1000  is  required. 

(2)  The  derivation  also  requires  that  the 
incident  gas  Jets  remain  uncontaminated  \intil  they  reach  the  impingement  zone. 

In  conclusion,  it  is  believed  that  the  opposed- jet 
diffusion  flame  reactor  technique  has‘  an  adequate  initial  theoretical  back¬ 
ground  for  establishing  the  method  as  a  major  tool  in  the  examination  o  f  h^h- 
temperature  and  flame  reactions  between  highly  reactive  components.  For  general 
use,  the  theory  requires  stxidy  in  terms  of  uneqval  gaseous  densities  from  the 
two  jets,  gas  velocity  variations  and  chemical  kinetic  system  which  cannot  be 
considered  to  occur  in  terms  of  single  steps . 

^  c.  Combustion  of  Amnonia  In  Opposed-Jet  Diffusion 

Flames 

(1)  Reaction  Between  HCIO^  and  NH^ 

During  the  current  contract  period,  a  nmber 
of  studies  of  the  perchloric-acid-ammonia  system  have  been  carried  out  with  the 
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objectives  of  establishing  a  diffusion  flame  in  an  opposed- Jet  reactor  atxi  of 
determining  the  "apparent  flams  strength"  flame . 

Exploratory  studies  of  this  system  carried 
out  previously  vinder  Contract  AF  49(638) -566  at  temperatures  between  ambient 
and  60°C  have  indicated  that  these  highly  reactive  components  cannot  be  premixed 
for  st\xiy  as  a  laminar  flame.  The  gaseous  products  of  this  extremely  rapid 
reaction  were  oxygen,  hydrogen  and  nitrogen  and  small  quantities  of  nitrogen 
oxides.  Simultaneously  NH^^Cl  and  NH/^C10j|^  were  deposited  as  solids.  In  view  of 
these  results,  studies  of  the  diffusion  flame  reaction  between  these  components 
was  initiated.  Figures  11  and  12  are  schematic  diagrams  of  the  apparatus  which 
ms  constructed  to  examine  the  flow  reactions  between  perchloric  acid  and  ammonia. 

The  glass  system  consists  of  four  functional 
sections  (l)  gas  preparation  and  flow  rate  controllers,  (2)  the  reaction  zone, 

(3)  sample  collection  and  analysis  and  (4)  vacuum  and  pressure  control  sections. 

In  the  gas  preparation  and  control  section 
(Sections  A,  B,  C,  F-L  of  Figure  12),  anmonia  gas  passes  directly  from  a  gas 
cylinder  through  a  drying  train,  a  calibrated  glass  rotameter  and  a  flow  rate 
controlling  section  of  l/2  mn  capillary  to  the  orifice  within  the  reactor. 
Provision  has  also  been  made  for  dilution  and  mixing  of  this  gas  with  helium 
for  examination  of  the  effects  of  diluents  on.  the  burning  velocity.  Anhydrous 
perchloric  acid  is  prepared  under  vacuum  in  an  all-glass  train  without . stopcocks 
by  the  reaction: 

HCIO^  •  2H2O  (73%)  +  HgSO^  (20%  SO^) - -  HCIO^  (anhydrous)  +  H2S0j^ 

The  anhydrous  oxidizer  is  passed  over  magnesium  perchlorate  and  sealed  in  a 
five  liter  reservoir  which  is  also  connected  to  the  reaction  cell  through  a 
glass  rotameter  and  a  flow-controlling  capillary.  However,  this  portion  of  the 
system  is  closed  off  from  the  reaction  zone  by  interp>ositlon  of  a  glass  breakseal 
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tube,  K,  In  the  line.  At  the  start  of  a  reaci^ion,  after  anmonia  flow  Into  the 
reactor  has  been  stabilized,  the  break-seal  is  ruptured  by  a  sealed-in  magnetic 
breaker  to  Initiate  flow  of  the  anhydrous  acid  through  its  nozzle  into  the 
reactor. 

The  reactor  (Section  E)  consists  of  a  12  inch 
section  of  50  nm  square  f^ex  tubing  which  is  motinted  vertically.  The  oxidizer 
and  fuel  enter  from  opposite  ends  of  the  cell  and  are  metered  through  l/2  mm 
capillary  orifices  which  were  separated  by  5  cm  in  the  initial  experiment.  An 
electrically  heated  platinum  wire  is  positiqped  approximately  3  nan  above  the 
perchloric  acid  outlet  for  igniting  the  gases. 

The  exit  from  the  reactor  leads  directly  to 
a  trapping  system  (Sections  M  and  N)  and  a  gas  chromatograph  (Section  0) ,  In 
the  traps,  condensible  reaction  products  are  removed  from  the  gas  stream.  At 
the  end  of  an  experiment  these  gases  can  be  revaporized  and  passed  directly 
into  the  chromatograph  for  analysis.  During  the  reaction,  gaseous  products 
can  also  be  analyzed  by  a  direct  sampling  of  the  gas  stream.  The  chromato¬ 
graphic  unit  contains  three  columns  for  separation  of  the  product  gases  which 
are  expected  to  include  N2O,  NO,  NO2,  CI2,  HCl,  H2O,  H2,  NH^,  O2,  NOCl  and  N2C 
The  columns  are  30$S  Kel-F  on  poMlered  fire  brick,  13-X  Molecular  Sieve  and  lOjt 
Carbowax  on  teflon. 

The  final  section  of  the  apparatus  consists 
of  standard  manifolds  (Section  P),  a  vacuum  system  (Section  U),  three  pressure 
measuring  devices,  a  McLeod  gage  (Section  T),  a  differential  manometer  (Section 
S)  which  is  read  by  a  cathetometer,  and  a  glass  sickle  gage  (Sections  Q  and  R) 

j 

for  measuring  pressures  within  the  perchloric  acid  reservoir.  A  Precision 
manostat  is  also  connected  to  control  the  pressure  in  the  reactor. 

Experiments  have  bean  carried  out  under 
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varied  experlaental  conditions.  Figure  .13  catalogues  the  conditions  of  the 
experijsents ,  All  experiments  were  conducted  at  reduced  pressures.  The  effect 
of  pressure  from  1.0  to  60  torr  was  examined  while  HCIO^  flow  rates  were 
varied  between  A.3  x  10“^  to  2,6  x  10“^  moles/min.  Mole  ratios  of  HC102^:NH2 
were  varied  from  0.05  to  7«7  with  corresponding  mass  ratios  between  0,3  and  46,2. 
Nozzle  geometry  was  also  varied:  Initial  trials  used  a  0,5  nm  capillary  orifice 
while  2.0  mm  nozzles  were  used  for  all  experiments  at  pressures  from  9,0  mm 
upwards.  Nozzle  separation  was  2.0  cm  with  the  exception  of  the  first  trial. 
Finally,  gas  inlet  temperatures  were  varied  between  ambient  and  180°C, 

Despite  the  relatively  large  range  in 

variation  of  conditions,  no  stable  flames  were  obtained.  In  two  runs.  No's  8  and 
10,  a  small  flame  envelope  was  observed  to  form  at  the  perchloric  acid  jet 
initially.  However,  vAien  the  spark  igniter  system  was  turned  off,  the  flans 
disappeared  and  could  not  be  reestablished.  It  is  believed  possible  that  the 
flame  was  caused  by  perchloric  acid  decomposition,  rather  than  the  reaction 
with  ammonia.  In  all  cases-  in  which  the  transient  flame  was  not  observed, 
a  rapid  build-up  of  a  white  deposit  was  observed  at  the  HCIO^  nozzle.  In  the 
eases  vdiere  the  flame  appeared,  the  deposit  formed  immediately  on  extinguishawnt . 
Analysis  of  the  deposit  indicated  its  cosqjosition  to  be  exclusively  ammonium 
chloride . 

In  order  to  ascertain  whether  it  was  possible 
that  might  catalyze  or  trigger  the  decomposition  of  HCIO^,  a  test  of  the 
effect  of  anaonla  on  perchloric  acid  at  230^^0  was  carried  out.  In  this  ex¬ 
periment,  perchloric  acid  vapor,  whose  pressure  was  monitored  by  use  of  a  glass 
sickle  gage,  and  ammonia  were  brought  to  thermal  equilibrium  in  a  two- 
compartment  reactor.  After  establishing  the  rate  of  decomposition  of  the  acid, 
a  aiembrane  between  the  two  compartments  was  broken,  allowing  the  gases  to  mix. 
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Instantaneously  the  pressure  rose  to  a  high  level,  fallowed  by  a  slight  decline 
to  a  fixed  plateau.  Although  analysis  of  the  gaseous  products  are,  not  available, 
some  preliminary  observations  are  warranted.  From  a  meas\ire  of  the  relatively 
large  quantity  of  gases  \dilch  were  not  condensible  at  liquid  nitrogen  temperatures, 
it  is  reasonable  to  conclude  that  the  presence  of  a  relatively  small  amount  of 
ammonia  appeared  sufficient  to  induce  the  instaneous  decoaposition  of  perchloric 
acid. 

In  any  case,  this  experiment  makes  it  appear 
unlikely  that  a  flame  can  be  established  between  gaseous  perchloric  acid  and 
ammonia.  Instead,  it  appears  that  ammonia  reacts  with  the  decomppsitibh  products 
of  HCIO^  (oxygen  and  chlorine)  after  initiating  decomposition  of  the  acid. 

The  analysis  of  the  Jet  deposit  as  ICX)^  NH^Cl  appears  to  be  consistent  with  these 
findings. 

(2)  Reaction  Between  ©2  and  NK^ 

Following  the  unsuccessful  attempts  to 

establish  a  stable  NH^  -  HCIO^  flame  in  the  opposed- jet  reactor,  experimental 
work  was  initiated  on  the  flame  reactions  between  NH^  and  two  of  the  decomposition 
products  of  HCIO^,  i.e.,  O2  and  CI2.  A  new  opposed- jet  reactor  was  constructed 
for  these  investigations  in  order  to  permit  higher  mass  flow  rates  of  reactants 
and  better  heat  dissipation.  Figure  14  is  a  schematic  diagram  of  the  apparatus. 

This  apparatus  is  basically  similar  to  that 
used  by  Potter  et,  al.  The  burner  tubes  were  mounted  in  a  large  glass  chamber 
which  in  t\irn  was  connected  to  a  vacuum  system.  The  pressure  was  maintained  by 
means  of  a  manostat  which  operates  on  the  principle  of  leaking  into  the 
system  the  amount  of  an  inert  gas  required  to. maintain  any  vacuum  less  than  the 
ultimate  the  vacuum  pump  will  pull.  In  order  to  start  the  diffusion  flame,  the 
following  procedure  was  followed.  Helium  or  argon  was  blown  through  the  fuel 
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and  oxidant  lines  for  a  sufficient  length  of  tijee  to  ensure  that  the  entire 
s^^stem  was  free  of  fuel  and  oxidants  The  pressure  was  then  set  st  the  desired 
value  and  fuel  turned  on  until  the  reactor  was  fuel-filled.  Finally  the  oxidant 
stream  was  started  and  the  reactants  ignited  by  means  of  a  Tesla  coil  attached 
to  and  grounded  through  the  metal  btu*ner  tubes. 

To  make  a  measurement,  the  fuel  and  oxidant 
flows  were  alternately  increased,  keeping  the  flame  centered  between  the  two 
Jets  until  a  hole  was  observed  at  the  center  of  the  flame.  The  flame  strength 
was  calculated  from  the  experimental  data  as  follows:  The  mss  flows  (gr/sec) 
of  fuel  and  oxidant  at  flame  breaking  were  averaged  and  the  result  divided  by 
the  cross-sectional  area  of  the  jet  to  give  the  mean  mass  flow  per  unit  area 
(gr/cm^-sec) .  Since  the  flame  always  broke  at  the  center,  the  mean  flow  vias 
multiplied  by  the  ratio  of  axial  to  mean  flow  velocity  to  give  the  mass  flow 
rate  per  \mit  area  (apparent  flame  strength)  at  the  jet  axis.  This  factor 
is  1.22  for  turbulent  flow  and  2.0  for  laminar  flow  in  straight  tubes. 

The  opposed- jet  flame  reaction  between 

ammonia  and  oxygen  has  been  investigated  at  pressures  ranging  from  .200  torr  to 
1  atm.  Figure  15  is  a  photograph  of  a  typical  flame  as  it  appears  at  extinguish¬ 
ment.  The  photograph  was  taken  from  below  at  an  angle  of  approximately  45°. 

In  this  case  the  experiment  was  carried  out  at  atmospheric  pressure  with  a  2  cm 
jet  separation.  As  the  pressure  was  decreased  the  combustion  zone  became 
increasingly  thin  and,  at  250  torr,  the  flame  had  very  little  thickness  and 
appeared  to  be  nearly  linear  (planar).  Changesof  less  than  5^  in  the  gas  flow 
rates  were  svifficient  to  create  or  destory  the  axial  flame-quenching  phananenon. 

The  experimental  data  are  summarized  in 
Figures  I6  and  17 .  Figure  17  shows  the  effect  of  pressure  on  the  apparent 
flame  strength  of  the  ammonia-oxygen  system.  Since  there  is  an  effect  of  nozzle 
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or  Jet  diameter  on  the  apparent  flame  strength  all  data  must  be  referred  to  a 
single  diameter  (0.77  cm  in  this  case).  The  plotted  data  are  linear  and  have 
a  slope  of  1.70.  According  to  Spalding  (Reference  30)  the  slope  should  be  the 
order  of  the  reaction  since  the  apparent  flame  strength  is  directly  proportional 
to  the  maximum  reaction  rate  in  the  flame.  J-.  Verwimp  and  A.  Van  Tiggeleh 
(Reference  37)  studied  the  reaction  by  another  technique  and  reported  an  acti¬ 
vation  energy  (490°C  <T^  540°G)  of  approximately  50  kcal/mole,  with  an  overall 
reaction  order  of  1.7  (1.4  order  in  NH-j  and  0.3  order  in  O2).  The  agreement 
obtained  by  these  two  indepeixient  methods  is  excellent. 

A  sample  calculation  of  AFS  is  given  below 
for  the  NH^-O^  flame  reaction,  using  Equation  (15)  from  Spalding's  analysis. 


fu,  max 


St  fst 


where 


®'"fu  max  maximum  volumetric  rate  of  consumption  of  the  fuel, 

*  (g/cm3-sec) 

A  =  density  of  the  fuel  (g/cm^) 

=  fractional  density  of  the  fuel  in  the  local  mixture  (0.50), 

^ext  ^  linear  velocity  of  the  Jet  streams  upstream  of  the  reaction 
at  extinguishment  (cm/sec) 

•«ext  =■  apparent  flame  strength  (2.20  g/cm^-sec) 

®fu,  00  ™  fraction  of  fuel  in  the  fuel  stream  (l.O) 

fat  “  stoichiometric  mass  fraction  of  the  material  derived 
from  the  fuel  stream  in  the  local  mixture  (0.47) 

Q  =  a  dimensionless  function  of  f  indicative  of  the  burning 

rate  in  the  flame  (  =  1.08) 

Vi/.f.  =  an  average  dimensionless  reaction  rate  (as 0.25) 


“fu,oo 


where  r  mass  of  cxidant  reacting  with  unit  mass  of  fuel* 
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Spalding  (Reference  30)  has  plotted  values 
of  Q  as  a  function  of  f |  values  of  have  been  estimated «  Substitution  of 
the  appropriate  values*  in  the  above  equation  yields  Bax~*^’^  g/cn^-sec 

for  the  ammonia  reaction  at  one  atmosphere.  Using  a  value  of  3410  cal/g  as  the 
specific  heat  of  combustion,  a  volumetric  heat  release  rate  of  a: 2.42  x 

104  cal/cnP-sec  is  obtained.  More  exact  calculations  vd.ll  become  possible  vfhen 
exact  values  of  V|/ become  available. 


On  the  basis  of  the  approximate  theory  of 
laminar  flame  propagation  derived  by  Zeldovich  (Reference  32),  calculated  values 
of  the  mass  burning  rate,  G,  of  a  stoichiometric  mixture  of  NH^  and  O2  as 
obtained  from  the  apparent  flame  strength  data  at  1  atm  vrnre  compared  vd.th  the 
mass  burning  rata  of  ammonia  in  a  laminar  flame  using  Van  Tiggelen's  experlaentall7 


determined  value  (S^  =  113  cm/sec  at  1  atm)  of  the  flame  speed.  Using  this 


r3 


value  for  ,  the  mass  burning  rate  G  (uf/^  ^ij^)  vias  found  to  be  12.8  x  10' 
g/cm^-sec  at  70°F.  The  equivalent  value  derived  from  the  experimentally  deter¬ 
mined  value  of  the  apparent  flame  strength  is  23 »7  x  10”^  g/cm^-sec.  These 
values  differ  by  a  factor  of  tvfo,  hovrever,  this  ccxnparison  is  considered 
reasonable  in  view  of  the  estimations  involved  in  Zeldovich* s  treatment. 

One  aspect  of  the  kinetics  problem  of 
determining  the  rate  of  heat  release  from  the  redox-zone  of  burning  AP  in¬ 
volves  the  determination  of  the  stoichiometry  of  the  pertinent  gas-phase  reactions. 
Consequently,  product  analyses  have  been  c  arried  out  to  determine  the 
stoichiometry  (and  exothermicity)  of  the  ammonia-oxygen  flame  reactions  in  the 
immediate  region  of  flame  extinguishment. 


The  opposed- Jet  reaction  parameters  used  in  these  and  subsequent  calculations 
and  the  values  of  A'*'f^  and  4'"nax  for  all  the  flame  reactions  are 
sumnarised  in  Figures  53  end  34,  respectively. 
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Figur*  18  lists  the  results  of  oiass  speetro- 
graphic  analyses  of  the  reaction  products  sampled  from  the  effluent  streams  of 
several  of  these  ammonia-oxygen  flames.  The  sampling  and  analytical  techniques 
are  such  that  the  values  for  H^O  concentration  are  inaccurate;  therefore.  It  Is 
the  hydrogen-nitrogen  ratio  that  is  utilized  In  determining  the  overall 
stoichiometry  of  the  reaction.  Such  a  procedure  is  valid  since  the  data  Indi¬ 
cate  that  essentially  all  of  the  oxygen  in  the  reaction  products  appears  in  the 
nAter.  Also,  the  data  indicate  that  the  H2/N2  ratio  exhibits  a  small  pressure 
dependency  (decreasing  with  increasing  pressure);  however,  it  appears  that  the 
product  distribution  of  the  NBj-02  flame  reaction  in  this  pressure  region  is 
characterized  by  a  H2/N2  ratio  of  approximately  0.5  to  0.6.  This  conclusion 
is  substantiated  by  the  results  of  Gaydon  and  Wolfhard  (Reference  38)  who  have 
calculated  the  equilibritim  compositions  and  temperatures  of  NH^-02  flames  for 
various  mixture  strengths.  Their  calculations  showed  that,  for  a  fuel-oxidant 
ratio  of  5/3,  the  equilibrium  H2/N2  ratio  in  the  flame  was  0.55.  This  would 
seem  to  indicate  that  chemical  equilibrium  was  attained  in  the  NH^-02  flames 
examined  by  means  of  the  opposed- jet  technique. 

One  of  the  chief  features  of  the  opposed- jet 
technique  is  that  it  provides  information  concerning  the  fuel  oxidant  ratio  (in 
the  flame)  at  extinguishment,  where  the  reaction  rate  is  at  its  maximum.  This 
information  has  also  been  used  to  determine  the  overall  stoichiemetry  of  the 
NH^-02  flame  reaction.  The  results  of  an  analysis  based  upon  both  combustion 
product  analyses  and  NH^/02  ratios  at  extinguishment  are  presented  in  Figure  19. 
This  table  lists  calculated  coefficients  for  the  reactants  (based  upon  product 
analyses)  and  for  the  products,  based  upon  the  measured  NH^/02  ratios  at 
extinguishment.  An  examination  of  the  data  reveals  a  slight  disparity  between 
the  calculated  and  measured  values  of  the  9^/02  Md  H2A2  ratios;  however,  it 
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is  clear  that  the  overall  stolchlasetry  of  the  IiH^-02  reaction  is  best 

represented  by  the  equation 

5  NH3  +  3  O2  - ^  I  +  I  N2  6  H^O  (1) 

Actually  the  “true"  overall  stoichicaietry 
for  this  reaction  (as  determined  in  non-flame  systems  using  static  rei^ctors) 
is 

A  NH3  +  3  Og— - -  2  N2  +  6  H2O. 

I  It  appears,  therefore,  that  some  of  the 

NH3  is  undergoing  thermal  decomposition  before  it  reaches  the  stoichionetric 
plane  in  the  flame  zone. 

(3)  Reaction  Between  CI2  and  NH^ 

The  flame  reaction  between  ammonia  and 
chlorine  has  been  studied  by  means  of  the  opposed-^et  reactor  at  pressures 
ranging  from  300  torr  to  1  atmosphere.  It  was  observed  that  the  NH3-CI2 
flame  was  considerably  more  difficult  to  establish  than  NH3-O2  flames,  and  was 
too  unstable  at  pressiore  below  300  torr  (nozzle  diameter  =  0.77  cm)  for  accurate 
apparent-flame-strength  (AFS)  measurements.  The  results  of  the  AFS  measure¬ 
ments  are  sunnarlzed  in  Figures  20  and  21.  A  log-log  plot  of  the  data 
is  linear  and  indicates  that  the  overall  reaction  order  for  the  NH3-CI2 
is  2.3  in  this  pressure  range. 

A  comparison  of  these  data  with  those  obtained 
for  the  NH3-O2  flame  reaction  in  the  same  pressure  range  shows  that  the  apparent 
flame  strength  (at  1  atmosphere)  of  the  NH3-O2  system  is  approximately  70J( 
greater.  This  result  was  unexpected  since  it  was  previously  postulated  on  the 
basis  of  the  work  of  R.  Nattair  and  H.  Slsler  (Reference  39)  that  chlorine  would 
oxidize  ammonia  more  rapidly  than  oxygen.  It  should  be  pointed  out,  however. 
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that  at  higher  pressures  ( >  2  ataospheres)  chlorine  may  be  a  better  oxidant 
since  the  overall  reaction  order  for  the  NH^-Clg  system  (2,3)  is  larger  than 
that  (1*7)  for  the  Nttj-02  system.  This  is  based  upon  the  assumption  that  the 
same  mechanisms  are  operative  at  the  higher  pressures.  This  system  requires 
further  investigation. 

The  flame  reaction  between  ammonia  Mid  chlorine 
has  also  been  investigated  by  means  of  the  opposed-jet  technique  in  conjunction 
with  a  mass  spectrometer  in  order  to  determine  the  overall  stoichiometry  of  this 
reaction.  Figure  22  lists  the  reaction  products  of  flame  reactions  carried  out 
at  pressures  ranging  from  30G  to  745  torr.  The  data  in  Figure  20  clearly 
indicate  that  the  mole  ratio  of  ammonia  to  chlorine,  in  the  vicinity  of  flame 
extinguishment,  is  approximately  9/4  (2.25)  in  the  pressure  region  of  350  to 
650  torr.  The  mole  ratio  values  at  300  and  745  torr  differ  someidiat  from  the 
average  value  of  2,25  because  of  inaccurate  flow  rate  data.  The  inaccuracy 
of  these  latter  data  is  due  primarily  to  ,  the  instability  of  the  ammonia-chlorine 
flams  at  these  pressures.  On  the  basis  of  these  results  (Figure  20),  the  overall 
stoichiometry  could  be  represented  by  the  equation 

9  NH3  +  4  CI2 - ►  5  NH^Cl  +  3  HCl  +  2  N2  +  2  H2 

which  accounts  for  the  measured  NH3/GI2  ratio  of  2,25,  However,  the  results  of 
products  analyses  (Figure  22)  indicate  that  the  H2/)(2  nitio  in  the  above 
equation  is  too  high  by  a  factor  of  about  30.  An  overall  stolchlowtzy  which 
is  in  better  agreement  with  the  analytics!  results  (neglecting  Run  Mo.  41) 
is  represented  by  the  equation 

7  NH3  +  3  CI2  - - ►  5  MH^^Cl  +  HCl  +  Mg 
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The  enoiMHila-chlorlne  ratio  for  this  equation  Is  2.33,  which  lies  within  the 
experinental  error  of  the  extinction  measurements.  The  small  amount  (>^2$) 
of  hydrogen  detected  In  the  reaction  products  Is  probably  due  to  Incomplete 
reaction  of  the  hydrogen  foxmed  in  the  flame  as  a  result  of  thermal  breakdown 
of  NH^  to  N2  and  H2. 

The  volumetric  rate  of  reaction  of  ammonia 
per  unit  volume  for  this  equation  (NH^/Cl2  =  7/3)  has  been  calculated  on  the 
basis  of  Spalding's  analysis  to  be  3.39  g/cjp-sec.  This  value  corresponds  to 
a  volumetric  heat  release  rate  of  4''^^  -  9.17  x  lO^  cal/cm^-sec.  (See  Figure  33 
for  opposed>Jet  parameters.) 

It  appears  that  no  quantitative  data  are 
available  in  the  literature  regarding  the  flame  reaction  of  ammonia,  with 
chlorine.  R.  Hattair  and  H.  Slsler  (Reference  39)  studied  the  reaction  in  a  flow 
system  with  the  object  of  forming  hydrazine  by  condensing  the  products  in  liquid 
ammonia.  Consequently,  the  results  of  these  apparent  fJame  strength  studies 
represent  the  only  quantitative  information  currently  available  for  the  ammonia- 
chlorine  flame  reaction. 

(4)  Reaction  of  O2-CI2  Mixtures  with  NH^ 

The  kinetics  of  proposed  mechanism  for  the 
gas-phase  reactions  above  burning  amnonium  perchlorate  is  believed  to  be  dependent 
klnetically  upon  the  competition  between  two  primary  irreversible  reactions: 


and 


5NH3  +  3O2  —  |h2  +  I  N2  +  6H2O 


7NH3  +  3CI2  ^HCl  +  N2  +  5NH^C1. 

In  order  to  further  test  this  hypothesis,  preliminary  e]q>eriments  on  the  flame 
reaction  between  ammonia  and  a  mixture  of  oxygen  and  chlorine  was  studied  by 
the  opposed- Jet  technique.  The  flames  were  considerably  less  stable  than  those 
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to  which  chlorine  had  not  been  added,  howerer,  they  wex^  npre  stable  than  the 
aanonla-chlorlne  f]kaes.  Plginre  23  Is  a  tabulation  of  representative  data  on 
the  apparent  flane  strength  for  the  anaonla-axygei^hlorlne  nlxture  as  a  function 
of  reactor  pressure  and  chlorine  content  of  the  oxidizer  strean. 

These  data  clearly  show  the  inhibiting 

effect  of  the  chlorine  on  the  APS  of  these  flanes.  The  results  Indicate  that 
the  APS  of  NH^--02*>Cl2  flanes  Is  Inversely  proportional  to  the  mss  fraction 
of  chlorine  In  the  Initial  unreacted  nlxtture.  This  fact  is  further  bom  out 
by  the  data  shown  In  Plgure  24. 

An  unusual  feature  about  these  curves  is 
that  the  slopes  are  constant  over  the  Indicated  range  of  chlorine  mass  fractions 
(0*1  to  0*3).  Purthemore,  the  overall  reaction  order  (2.0)  falls  aidway 
between  the  values  found  for  ^^'^2  (lo7)  and  flanes  (2.3). 

Since  product  analyses  could  not  be  obtained 
with  the  present  apparatus,  no  volunetric  reaction  or  heat  release  rate  data 
are  available  for  these  flaae  reactions, 

(5)  Reaction  Between  NO  and  NH^ 

Although  It  is  believed  that  the  overall 
kinetics  of  amioniua  perchlorate  deflagration  Is  governed  prinarily  by  the 
competition  between  O2  and  CI2  for  the  other  Irreversible  reactions  lAilch 
nay  enter  Into  the  overall  reaction  Involve  oxidation  of  the  NH^  by  NO, 
and  possibly  NO20  Consequently,  experinents  were  initiated  to  investigate 
these  flame  reactions  in  the  opposed- Jet  reactor. 

The  NR^-NO  counterflow  diffusion  flame 

was  found  to  be  quite  stable  and  easily  ignited;  however,  at  pressures  below 
150  torr,  the  flams  exhibited  some  instability  and  APS  measurenents  were  not 
feasible  for  a  nosale  dlamter  of  0.77  cn*  Figure  25  tabulates  the  conditions  and 
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apparent  flaoe  strength  data  for  the  NH^-NO  sjstSB.  A  log-log  plot  (Figure  26) 
of  the  AFS  veraus  pressure  data  is  linear  and  indicates  that  the  overall 
reaction  order  is  I.56  at  pressures  ranging  from  150  to  745  torr.  This 
value  is  in  good  agreement  with  that  found  by  Wise  and  Freeh  (Reference  40) 
who  investigated  this  reaction  by  another  technique  and  reported  an  overall 
reaction  order  of  1,5;  first  order  with  respect  to  NH^  and  one-half 
order  with  respect  to  NO.  Volders  and  van  Tiggelen  (Reference  41)  on  the 
other  hand  repox*t  the  reaction  to  be  1.3  order  with  respect  to  NO  and  0*5 
order  with  respect  to  NH^  (1*8  overall) .  Althoxigh  there  is  mild  disagresaent 
concerning  the  overall  order  of  this  reaction,  there  appears  to  be 
considerable  disparities  amcaig  the  results  of  the  various  studies  regarding 
the  reaction  orders  with  respect  to  NH^  and  NO, 

Initial  studies  have  been  made  to  determina 
the  overall  stoichiometry  of  the  NH^-NO  flans  reaction.  Figure  27  lists  the 
results  of  mass  spectrographic  analyses  of  representative  samples  of  the 
reaction  products  sampled  downstream  from  the  flans  s.  The  sampling  techniques 
are  such  that  the  values  for  H2O  concentrations  are  inaccurate;  consequently, 
the  hydrogen-nitrogen  ratio  has  been  utilized  in  determining  the  overall 
stoichiometry.  This  procedure  is  valid  since  all  of  the  ooqrgen  in  the 
reaction  products  appears  in  the  water.  The  H2/N2  ratio  (Figure  27)  does  not 
exhibit  a  press\ire  dependency  indicating  constancy  of  flame  temperature  over  this 
pressure  range  (15O  to  745  torr).  However,  the  observed  ratio  of  •SO. 7 
is  not  in  coeq>lete  agreement  with  the  value  (l.O)  predicted  on  the  Imsls  of 
the  stoichiometry  determined  from  the  NH^^/NO  ratio  (atfl.5)  at  flaiso 
extinguishment.  An  overall  stoichiometry  based  on  the  H2/N2  of  0.7  pivdlcts  an 
NH^/NO  ratio  of  1.0  with  unreacted  oxygen  appearing  in  the  products  in  order 
to  give  a  correct  mass  balance.  In  as  much  as  no  oxygen  was  detected  in  the 
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products  and  an  M^/WO  ratio  of  1.0  Involves  too  great  an  error  in  the 
IH^/NO  aeasureaent,  it  is  believed  that  the  stoichiosMtry  based  upon  the 
NH^/NO  ratio  at  extinguishaent  is  the  nore  accurate  one  and  that  the  neasured 
z'siio  iB  in  error.  The  overall  stoichionstry  of  the  counterflow 

diffusion  flue  (at  extinguishaent)  can  be  represented  by  the  following  equatlbn. 

I  3  NH,  +  2  NO - ►  i  H-  +  4  N^  +  2  H,0 

I 

( 

’  Actually y  in  such  an  NHo  rich  flaae,  the  stolchioaetry  of  coabustion  can  be 

f 

1  represented  by  a  conbifaation  of  two  reactions. 

J 

I  +  1.5  NO - 1.25  Ng  +  1.5  HgO 

and 

I 

I  1.25  MH3  - -  0.625  N2  +  Hg 

j 

j  These  eqtiatlons  indicate  that  the  stolchioaetric  proportion  of  NHo  was  oxidised 

I 

'  and  the  excess  NH3  (1.25  aoles)  decoaqjosed  into  N2  and  H2.  A  significant 

{  —  result  of  the  AFS  neasurements  is  that  the  NH^/NO  ratio  (at  extinguishaent)  in 

i  counterflow  diffusion  flaaes  does  not  correspond  to  the  ratio  (0.828)  for  the 

i 

adxture ,  giving  the  naxlaua  laainar  flaate  speed  (Su). 

I 

The  voluaetrlc  rate  of  reaction  of  eiainnls 

I 

I  for  the  reaction 

1.5  NH3  +  NO - ►  1.25  N2  +  1*25  Hg  +  HgO  Ah  -  -a.89  Kcal/aole 

;  has  been  calculated  on  the  basis  of  Spalding's  analysis.  Substitution  of  the 

I  appropriate  values  (See  Figure  33)  in  Equation  (15)  yields  a  value  for 

I  aax  **  g/c^-sec  for  the  NH^-NO  reaction  at  1  ataosphere.  The 

I  heat  release  ratio  (qjj^)  corresponding  to  this  voluastrlc  rate  is  6.73  x  10^ 

)  , 

I  cal/ca^-sec. 

I 
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(6)  RMCtlon  Between  N2O  and 

The  lffi^-N20  eounterflow  diffusion  flaae 
was  also  quite  stable,  dowi  to  pressure  as  low  as  100  torr  (for  a  npssle 
diameter  of  0.77) •  Figures  28-30  suanarize  the  results  for  this  flasm  readtion. 
The  usual  plot  of  AFS  Irersus  pressure  is  quite  linear,  giving  an  overall 
reaction  order  of  2.0  at  pressures  ranging  from  100  to  745  torr. 

A  comparison  of  these  data  with  those 

obtained  for  the  NH^-NO  reaction  shows  that  the  apparent  flame  strength  (at 
1  atmosphere)  of  the  NH^-N20  flame  is  approximately  3*5  times  that  for  the 
NH^-NO  flame.  Considering  their  respective  adiabatic  flame  temperatures 
(2580  and  2710^),  this  is  sometdiat  surprising.  Also  of  considerable  interest 
is  the  fact  that  the  AFS  of  the  NH^-H20  flame  is  of  the  sasw  order  of  magnitude 
as  the  IIH^-02  flams. 

Experimental  studies  were  carried  out  on  the 
determination  of  the  stolchiostetry  and  exothemiclty  of  the  amonla-nltrous 
oxide  diffusion  flame  in  the  immediate  region  of  flame  extinguishment.  The 
results  of  mass  spectrographlc  analyses  of  representative  saaq>lee  or  reaction 
products  are  presented  in  Figure  30.  The  samples  were  taken  downstream  from 
the  flames  and  the  sampling  techniques  are  such  that  the  values  for  H2O 
concentration  are  inaccurate.  This  presents  no  problem  for  the  reasons 
Indicated  previously. 

The  data  Indicate  that  unusually  large 

amounts  of  unreacted  ammonia  passed  through  the  reaction  zone  of  these  flames. 
This  finding  was  unexpected,  since  this  phenosmnon  was  not  observed  in  other 
counter-flow  diffusion  flames  between  amaonia  and  oxidants  such  as  O2,  CI2 
and  NO.  Also  burning  velocity  measurements  by  other  workers  on  binary  mixtures 
of  NHo  with  N20gave  no  indication  of  any  unusual  behavior  which  might  distinguish 

^  A 
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this  flaa*  froa  those  between  NH^  end  the  oxldente  oentioned  above.  The 
unusual  feature  of  the  counter-flow  diffusion  flane  that  distinguishud 

it  froa  those  studied  previpuslj  is  that  the  flame  had  a  bell  shape  rather 
than  the  usual  flat  disc  shape,  Purthemore,  the  flane  extended  dpwnwazil 
froa  the  south  of  the  oxidant  jet  rather  than  remilnii^  suspended  between  the 
two  Jets  as  was  nprsally  observed  for  counter-flow  flipss,  Whe'^her  ox*  not 
these  phenonwna  have  any  bearing  or  effect  on  the  nature  of  the  reaction 
zone,  and  consequently,  on  the  passage  of  NH^  through  It  remains  to  be  demonstrated 
-However,  the  fact -remains  that  the  analytical  results  arjs  in  agreement  with 
the  results  obtained  fatT^he  fuel/oxidant  ratio  as  determined  from  reaction 
parameters  in  apparent  flame  strength  (iFS)  measurements.  The  average  value  of 
the  fuel/oxldant  ratio  deduced  frem  the  H2/N2  and  ratios  listed  in 

Figure  30  is  1.75  tdiich  agrees  with  the  value  of  1.74  determined  from  AFS 
msasureawnts  (see  Flgtire  28),  On  the  basis  of  these  results  and  the  data  listed 
in  Figure  30,  the  ca)4)lete  reactim  is  best  represented  by  the  equation 

1,75  NH^  +  H2O - *-0.5  H2  ^  1.5  \  +  HgO  +  0,75  IIH3.'  (1) 

However,  subtracting  out  the  unreacted  NH^  leaves  an  overall  stoichlomettTr 
for  the  1IH^-N20  counter-flow  flame  that  can  be  represented  by  the  sum  of  ' 
reactions  (2)  and  (3). 

1013  +  1.5  M2O  - ^  2M2  +  1.5  H2O  (2) 

0.5  *IH3  - ^ - -  0,25  N2  +  0*75  Hg  (3) 

i 

These  equations  (l,  2,  and  %)  would  seem  to  indicate  that  the  stoichiometric 
proportion  (1  mole)  of  NH3  was  oxidized  to  the  esqiected  products,  excess  NHa 
(0.5  mole)  was  decomposed  into  N2  and  H2,  and  finally,  that  0.75  mole  of  NH^ 
did  not  react.  Thus,  the  exothermicity  of  the  flame  reaction  is  governed 
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Ii^'  the  oreriill  reaction 


NH^  +  N2O 


1/2  Hj  +  3/2  M2  +  HgO 


with  a  corresponding  AH  ■■  -*3398  cal/gm  NH^.  The  volmetric  rate  of  reaction 
of  unmonia  for  reaction  (4)  is  1*95  gm/cm^-sec  at  1  atm  pressure.  This  value 
corresponds  to  a  volumetric  heat  release  rate  of  7.6  x  10^  cal/cnP-sec. 

(See  Figures  33  and  34  for  suanary  of  opposed- jet  parameters) . 

(7)  Reaction  Between  NO2  and  NH^ 

A  cursory  examination  of  the  reaction 

between  ammonia  and  nitrogen  dioxide  was  initiated  with  the  objective  of  comparing 
known  kinetic  data  with  apparent  flame  strength  data  obtained  by  the  opposed- jet 
technique.  Such  a  sttidy  should  facilitate  a  theoretical  analysis  of  the  theory 
of  flajBs  strength  because  of  the  availability  in  the  literature  of  kinetic  data 
for  this  reaction*  Fuz^hermore,  it  has  been  postulated  (Reference  22)  that  the 
rate  controlling  step  of  the  gas  phase  reactions  occurring  over  aaautnium  nitrate 
propellants  involves  the  reaction 


NH3  +  MO2 


NH2  *  HNO2 


Products. 


This  provides  an  additional  incentive  for  the  investigation  of  this  system. 

W.  A.  Rosser  and  H.  Wise  (Reference  42)  have  suggested  that  IIO2  is  produced  by 
the  relatively  rapid  deco^>osition: 

HNO^  ^  —  NO2  +  OH 

r 

These  workers  studied  the  kinetics  of  the  NH^-N02  reaction  in  the  tenperatuzm 
range  of  6OO  to  800°K  and  reported  an  activaticxi  energy  of  27.5  kcal/mole.  They 
found  that  approximately  the  first  third  of  the  reaction  was  second  order.  On 
the  other  hand,  F.  Falk  and  R.  M.  Pease  (Reference  43)  reported  an  overall  reaction 
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order  of  3  for  this  reaction  in  the  ten^rature  range  of  150  to  200^0  at  total 
pressures  to  200  torr.  Thsj  al&o  observed  a  gradual  chaiigs  in  the  reaetten 
order. 

The  results  of  the  initial  studies  in  these 
laboratories  on  the  effect  of  pressure  on  the  apparent  flame  strength  of 
NH3->N02  flames  is  shown  in  Figures  31  and  32.  The  flames  were  readily  established 
and  were  stable  at  pressures  ranging  from  300  to  745  torr.  The  plotted  data 
are  linear  and  the  slope  of  the  line  indicates  that  the  overall  reaction  order 
is  2.43.  This  value  falls  approximately  midway  between  the  values  reported  by 
the  aforementioned  workers.  These  studies  need  to  be  extended  in  order  to 
provide  additional  data  for  'carrying  out  a  theoretical  analysis  of  the  flame 
strength  data  in  terms  of  standard  kinetic  units. 

(8)  Theoretical  Studies 

Although  the  opposed- jet  diffusion  flame 
reactor  technique  had  an  adequate  theoretical  background  for  the  preliminary 
studies  completed  on  this  program,  the  experimental  work  has  progressed  to  the 
point  tdiere  there  is  a  need  to  obtain  actual  kinetic  rate  constants  from  apparent 
flame  strength  data.  Spalding's  approximate  theoretical  treatment  in  its  present 
stage  of  developsient  is  not  adeqxiate  since  it  requires  prior  kinetic  knowledge 
or  assumptions  about  the  flame  reactions  we  are  attempting  to  investigate. 

This  8hartc<miing  in  Spalding's  .treatment  was  recognized  when  attempts  were  made 
to  obtain  the  necessary  kinetic  constants  required  for  the  solution  of  Equation  (2) 
(Section  II,  1.,  e.).  Accordingly,  theoretical  studies  were  undertaken  to 
examine  the  theory  with  the  objective  of  expanding  its  development  for  use  with 
practical  systems. 

As  a  result,  a  physical  criterion  for 

extinction  in  opposed- Jet  flames  has  been  developed  and  differs  somewhat  from 
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that  given  by  Spalding.  In.  this  treatnsnt,  maxinum  reaction  rates  are  deteraihad 
by  means  of  physical  extinction  criteria  %diich  are  imposed  on  the  flame 
pirbcess  rather  tten  previous  or  aseuaed  chemical  kinetic  Infcrmatlon. 

This  criterion,  vrtien  used  in  cCnjuttetlon 
with  the  Spalding  Theory  of  mixing  In  opposed  gas  jets  enables 
the  apparent  flame  strength  to  be  related  to  (l)  the  effective  maximum  cheiiilcal 
reaction  rate  in  the  opposed- jet  flame,  and  (2)  the  laminar  flame  speed  of  an 
equivalent  pre-mixed  diffusion  flame.  The  derived  relationships  differ  some¬ 
what  from  similar  relationships  given  by  Spalding's  earlier  treatment  of  the 
phenomena  in  the  thin  flame  approximation,  but  do  yield  quantitatively  similar 
results . 

A  detailed  discussion  of  ths  new  treatment 
Is  given  in  Appendix  D.  Also  in  the  Appendix  (D)  Is  a  discussion  and  evalmtlon  . 

of  dome  of  the  results  frosi  the  opposed- jet  diffusion  flame  experiments. 

* 

Two  additional  theoretical  studies  were  carried 
out,  in  part,  during  the  present  contract  period.  In  one  of  these  studies,  a 
new  model  was  developed  to. explain  the  extinction  process  in  solid  rocket 
motors.  In  the  other  theoretical  study,  the  thermal-layer  theory  of  steady- 
state  combustion  has  been  applied  to  the  problem  of  a  low  pressure  deflagration 
limit. 


In  Appendices  E  and  F. 


The  results  of  these  studies  are  presented 
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III,  RECOMMENDATIONS  FOR  FUTURE  WORK 

It  is  recommended  that  future  work  be  directed  along  two  general  lines: 

(1)  a  continued  effort  to  develop  the  oppbs^-jet  technique  (euid  theory)  for 
investigating  fast-burning  mixttires  and  high  temperature  kinetics;  and  (2) 
investigate  the  mechanisms  of  decomposition  of  single  crystals,  particularly 
with  respect  to  the  effect  of  defects,  impurities,  etc.,  on  the  decomposition 
rate. 

The  opposed-jet  technique  is  particularly  useful  for  investigating  high 
temperature  kinetics  of  highly  reactive  or  hypergolic  materials.  Furthermore 
it  permits  studies  (particularly, structure  determinations)  to  made  of  reactive 
mixtures  under  certain  conditions  that  would  be  impossible  to  obtain  in 
corresponding  premixed  flames.  It  is  believed  that  flame  structure  determinations 
in  conjunction  with  the  new  theoretical  treatment  developed  on  this  program  could 
provide  the  means  of  determining  kinetic  rate  constants  for  highly  reactive 
systems , 

IV.  PROJECT  PERSONNEL 

The  following  is  a  list  of  personnel  irtio  were  engaged,  in  whole  or  in 
part,  in  cturylng  out  the  investigations  described  in  this  report: 

F.  J.  Cheselske  Research  Chemist,  Principal  Investigator 

(June  19^3  'to  March  1965) 

D.  J.  Slbbett  Senior  Chemist,  Principal  Investigator 

(October'  I96I  to  May  I963) 

R.  F.  Chaiken  Technical  Specialist,  Principal  Investigator 

(FebzTiary  I960  to  September  1961)  Later  Consultant 
to  the  program  (October  1961  to  February  1965) 

A.  Wheeler  Technical  Specialist  “ 

I.  Geller  Research  Chemist 

J.  M.  Lobato  Research  Chemist 
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J.  E.  Sutherland 
D.  K.  Van  de  Mark 
R.  S.  Ck>dds 
R.  L,  Carter 
P.  A.  Kees 


Research  Chemist 

Senior  Laboratoiy  Technician 

Senior  Laboratory  Technician 

I 

Senior  Laboratory  Technlci^ 
Senior  Laboratory  Techi^clan 


V.  PUBLICATIONS 

The  following  is  a  list  of  publications  which  describe  the  experimental 
and  theoretical  research  achievements  of  this  program.  Contract  AF  49(638)-851* 
The  disposition  of  these  papers  swe  Indicated  below. 


1.  R.  F.  Chalken,  D.  J.  Slbbett,  J.  C.  Sutherl£uid,  D,  K.  Van  de  Mark 
and -A.  Wheeler,  "The  Rate  of  Sublimation  of  Ammonium  Halides"; 
published  In  J.  Chem.  Phvs..  2Z»  2311  (1962). 

2.  D.  J.  Slbbett  and  I.  Seller,  "Kinetics  of  the  Decomposition  of 
Anhydrous  Perchloric  Acid";  accepted  for  publication  In  the 
Journal  of  Physlcad  Chemistry  (1965). 

3.  R.  F.  Chalken  and  F.  J.  Cheselske,  "Surface  Rate..  Processes... and 
Sensitivity  of  High  Explosives";  submitted  for  publication  in 
the  Journal  of  Chemlcsd.  Physics. 

4.  R.  F.  Chalken,  "A  Model  for  Low  Pressure  Extinction  of  Solid 
Rocket  Motors";  accepted  for  publication  in  AIAA  Journed.  (I965). 

5.  F.  J.  Cheselske,  R.  F.  Chalken  and  D.  J.  Slbbett,  "Oxidation  of 
Ammonia  in  Opposed-Jet  Diffusion  Flames";  in  preparation. 

6.  R.  F.  Chalken,  "On  the  Extinction  of  Opposed-Jet  Diffusion  Flames: 
A  Physical  Criterion  for  Extinction";  in  preparation. 

7.  R.  F.  Chalken,  "Implications  of  a  Steady-State  Solid  I^pellant 
Combustion  Model  to  a  Low  Pressure  Deflagration  Limit" ;  In 
preparation. 
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HIGH  PRESSURE  PYROLYSIS  APPARATUS 


FIGURE  1 


MICROSCOPIC  DECOMPOSITION 
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Figure  3.  Crystal  No.  1  -  Original  Surface  before  Heating.  lOOOX  Bright  Field. 


Figure  k.  Crystal  No.  1  -  Surface  after  Heating  for  30  Min.  at  190®C.  Same 
Area  as  Figure  3.  lOOOX  Bright  Field. 

Figures  3-4 
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Figure  5.  Crystal  No.  ,1  -  After  Heating  for  90  Min.  at  190®C.  Same  Area  as 
Figure  3.  lOOOX  Bright  Field. 


Figure  6.  Crystal  No.  2  -  After  Heating  fo  Min.  at  220°C.  lOOOX  Bright  Field. 


Figures  $  -  6 
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Figiire  7*  Crystal  No.  2  -  After  Heating  for  U5  Min.  at  220®C.  lOOOX  Bright  Field. 


Figvire  8.  Crystal  No.  3  -  After  Heating  for  9  Min.  at  250°C.  lOOOX  Polarized 
Light . 


Figures  7-8 


Fi^re  9 
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DEC(»!PC»ITION  OF  EERCHLCRIC  ACID  AT  200*C 
-  CompetrlBon  of  Experimental  and  CcMputed  Results 


Time 

(min) 

Expe^rimental 

Pressure 

(mm) 

Calculated 

Pressure 

(mm) 

HClOj^ 

Pressure 

(mm) 

"^2 

Pressure 

(mm) 

HgO 

Pressure 

(mm) 

°2 

Pressvire 

(mm) 

0 

218*5 

218.5 

0 

0 

0. 

0 

20 

278. 7 

281.2 

182.7 

17.9 

17.9 

62.7 

333.7 

327.2 

156.4 

31.1 

31.1 

108.7 

60 

370.2 

362.2 

136.4 

4i.o 

4i.o 

143.7 

80 

392.2 

389.5 

120.8 

48.9 

48.9 

171.0 

lOO 

410.2 

411.5 

108.2 

55.2 

55.2 

193.0 

120 

426.5 

429.6 

97.9 

60.3 

60.3 

211.1 

ll^-O 

441.0 

444.7 

89.3 

64.6 

64.6 

226.2 

160 

453.5 

457.4 

81.9 

68.3 

68.3 

238.9 

180 

465.5 

468.4 

75.7 

71.4 

71.4 

249.9 

200 

475.7 

477.9 

70.3 

74.1 

74.1 

259.4 

220 

484.3 

486.2 

■  65.5 

76.5 

76.5 

267.7 

2l^0 

492.5 

493.6 

61.3 

78.6 

78.6 

275.1 

260 

500.0 

500.1 

57.6 

80.5 

80.5 

281.6 

280 

505.5 

505.9 

54.2 

82.1 

82.1 

287.5 

300 

511.0  - . 

511.2 

51.2 

83.6 

83.6 

292.7 

320 

516.2 

.  515.9 

48.5 

85.0 

-  85.0 

297.5 

3»^0 

520.6 

520.3 

46.0 

86.2 

86.2 

301.8 

360 

524.8 

524.2 

43.8 

87.4 

87.4 

305.7 

380 

528.2 

527.8 

41.7 

88.4 

88.4 

309.4 

400 

532.0 

531.2  -- 

39.8 

89.3 

89.3 

312.7 

Figure  10 
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REACTOR  FOR  STUDY  OF  HCIQ,-NH,  FLAMES 
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Fi^ur*  14 
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AMMONIA  -  OXYGEN  DIPPtJSION  FLAME 
AT  EXTINGUISHMENT 


Oxygen  inlet  at  top 
Ammonia  at  bottom 


REACTION  CONDITIONS  FOR  OPPOSED -JET  FLAMES  BETWEEN 
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AMMONIA -OXYGEN -CHLORINE  FLAMES 
(Nozzle  Diameter:  0.77  cm) 


AFS,*  Laminar  Flow 
(g/ cm2 -sec) 

Mass  Fraction  Cl^ 
in  Mixture 

Pressure 

(torr) 

2.01 

0.068 

745 

1.21 

0.225 

tt 

0.81+4 

0.300 

M 

0.717 

0-353 

t! 

1.28 

0.073 

600 

0.744 

0.222 

tl 

0.516 

0.2-97 

ff 

0.668 

0.071 

450 

0.520 

0.124 

tf 

0.446 

0.210 

tf 

0.326 

0.262 

It 

0.304  ■  ■ 

0.051 

300 

0.254 

0.100 

tl 

0.209 

0.190 

II 

0.169 

0.257 

11 

*  AFS  -  Apparent  flame  strength 


i, 

I 


\ 


Figure  23 


■•port  0372-Olf 


AIMONU-NimC  OXIDI  FUMB 
Vomslt  DiMBtcr  ■>  0.77  Cti 
T—lnr  Flow 


Froosoro  (ata) 


I 


Figure  2J 


Report  0372-01/ 


1 


Figure  26 


Prctnn  (ata) 

i 


) 


fiwv99 


EEA.CTION  PRODUCTS  FROM  AMMONIA -NITROUS  OXIDE  FLAMES^ 
(MASS  SPECTROGRAPHEC  ANALYSES) 


Report  0372 -OIF 


Figure  30 


Report  0372 -OIF 


REACTION  CONDITIONS  FOR  OPPOSED  -  JET  FLAMES 
BETWEEN  AMMONIA  AND  NITROGEN  DIOXIDE 

(Nozzle  diaateter  =  0.77  cm) 


Identification 

Number 

1-a 

1-b 

1-c 

1-d 

1-e 

1-f 

17 

18 

19 

Reactor  Pres¬ 
sure,  Torr 

1+00 

1+50 

500 

550 

600 

600 

745 

450 

300 

650 

NH3  Flow  Rate* 
moles/min 

0.153 

0.200 

0.276 

0.306 

0.388 

0.382 

0.612 

0.221 

0.100 

0.503 

NO2  Flow  Rate* 
moles/min 

0.089 

0.130 

0.167 

0.198 

0.248 ■ 

0.259 

0.452 

0.166 

0.054 

0:.391 

Mole  ratio* 
NH^/NOg 

1.72 

1.51+ 

1.65 

1.55 

1.56 

1.48 

1.35 

1.33 

1.18 

1.29 

AFS** 

O.2I+5 

0.339 

0.1+48 

0.520 

0.650 

0.664 

1.126 

0.412 

0.152 

0.959 

AFS*** 

0.150 

0.207 

0.273 

0.318 

0.397 

o.4o6 

0,688 

0.251 

0.093 

0.586 

*  Value  at  extinguishment. 

Average  value 

for  all  exper, 

,  is  1.46 

■**  Apparent  flame  strength  (laminar  flow). 
■>HH»  Apparent  flame  strength  (turbulent  flow) . 


Figure  31 


bPPOSED-JET  REACTION  PARAMETERS 
FOR  AMMONIA  AT  1  ATMOSPHERE  PRESSURE 


(5)  In  this  reaction,  0.75  moles  of  anmonia  remained  unreacted,  therefore, 
parameters  are  based  on  fu/ox  =  1.0 


AMMONIA  OXIDATICW  IN  OPPOSED-JET  DIFFUSION  FLAMES 
(SUMMAPY  OF  RESULTS) 
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I. 


IMTRODUCTION 

1  2 

In  pre'^ouB  papers  from  these  laboratories,  *  It  was  shown  that 


1.  W.  H.  Andersen  and  R.  F.  Chalken,  ARS  Journal.  29  .  49  (1959). 

2.  ¥.  H.  Andersen  and  R.  F.  Chaiken,  ARS  Journal.  31.  1379  (1961). 

kinetic  data  for  the  awface  gasification  (pyrolysis)  of  amonium  nitrate 
and  perchlorate  could  be  used  In  conjunction  with  the  Eyring  Grain  Burning 
Theory3  to  describe  the  chemical  rate  processes  occurring  during  detonation 


3.  H.  Eyring,  R.  E.  Powell,  G.  H.  Duffey  and  R.  B.  Parlln, 
Cham.  Rev..  45»  69  (1949). 


of  these  low-«nergy  explosives.  The  linear  rates  of  surface  gasification, 
which  were  determined  as  a  function  of  siurface  tenqperature  by  the  hot-plate 
linear  pyrolysis  technique, suggested  the  following  overall  reaction  scheme 


4.  M.  K.  Barsh,  ¥.  H.  Andersen,  K.  W.  Bills,  G.  Moe  and  R.  D,  Schultz, 

Rev.  Sclent.  Instr..  29.  392  (1958) • 

5.  R.  F.  Chaiken  and  D.  K.  Van  de  Hark,  Rev.  Sclent,  Instr..  30.  375  (1959). 


diurlng  grain  burning: 

1)  •  NH.X  (solid)  - -  NR, (gas)  +  HX(gas) 

heat  flux 

/  \  /  \  redox 

2)  NH~(gas)  +  HX  (gas)  - ►  detonaticxi  products  +  heat 

^  flams 

These  findings  naturally  led  to  the  question  of  «diether  or  not  the 
detonation  of  high-energy  explosives  could  proceed  by  a  sisdlar  reaction 


-1. 
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scheme,  viz.,  endbthemde  surface  evaporation  followed  by  exothermic 
gas-phase  decomposition. 

Toward  this  viewpoint,  the  hot-plate  linear  pyrolysis  technique 
was  applied  to  the  four  common  high  explosives  TNT,  Tetryl,  RDX  and  FBTN. 

It  was  found  that  over  the  range  of  surface  heating  conditions  imposed 
(surface  heat  flux  as  high  as  60  cal/cm  -sec),  the  surface  rate  process 
consisted  of  melt-flow  which  proceeded  at  measured  linear  surface  regression 
rates  as  high  as  0.2  cm/sec.  During  these  experiments,  hot-plate  temperatures 
as  high  as  500^0  (%rall  above  the  isothermal  "explosion  temperature"  for  these 
materials)  were  recorded.  Although  the  data  are  not  compatible  with  grain 
burning  detonation  rates,  they  do  constitute  a  measure  of  the  rate  at  which  the 
surface  thermal  energy  was  dissipated.  This  rate  of  enor®r  dissipation  at 
the  surface  of  an  explosive  granule  is  believed  to  be  of  considerable  impor¬ 
tance  in  determining  the  sensitivity  of  the  explosive  to  initiation  by  external 
stimuli  (e.g.j,  impact  and  friction)^. 


6.  Fc  P.  Bowden  and  A.  D.  Yoffe,  Initiation  and  Growth  of  Explosives  in 
Liquids  and  Solids.  University  Press,  Cambridge’  (1952),  ^ 


II.  EXPERIMENTAL 

The  explosives  utilized  in  these  studies  were  of  standard  military 
type  which  were  not  given  any  further  purification  treatment.  The  explosive 
in  powder  form  (passed  through  a  U.  S.  Standard  No.  1(X)  sieve)  was  pressed 
under  30-A0  thousand  psi  forming  piressure  into  solid  strands  or  pellets  for 
use  with  the  hot-plate  apparatus.  For  FETN  and  RDX,  it  was  foxind 
necessary  to  incorporate  a  small  amount  of  binder  ( polystyrene  or  nitro- 
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cellulose)  into  the  powder  in  order  to  form  hi^h-density  coherent  strands. 

Solid  explosive  strands  having  a  density  within  of  crystal  density  were 
obtained  by  these  techniques.  Pigiure  1  lists  details  of  the  strand  eharactexv 

istics.  “ . . . .  '  -  ■ 

Measurements  of  the  linear  rate  of  surface  regression  of  the  solid 
strands  under  surface  heating  conditions  were  obtained  with  the  use  of  the 
hot-plate  linear  pyrolysis  apparatus  described  in  detail  olsoyriiere.^*^ 

Briefly,  surface  heating  is  accomplished  by  pressing  the  end  of  a  sample 
strand  upward  against  an  electrically  heated  hot-plate.  A  small  Pt 
(Pt-10^  Rh)  thermocouple  jtmction,  tdiich  is  imbedded  in  the  hot-plate  and 
positioned  at  the  strand-hot-plate  interface,  enables  the  hot-plate  temperature 
(T^)  to  be  recorded,  while  the  linear  rate  of  regression  of  the  strand  surface 
(B)  is  measured.  For  conditions  of  constant  Tj^,  a  constant  B  is  obtained. 
Varying  the  electrical  power  expended  in  the  hot-plate  causes  a  variation 
in  and  hence  B. 

The  rate  data  obtained  in  this  fashion  are  shown  in  Figures  2-5 
plotted  as  log  (B/Tj^)  vs.  l/Tjj  type  rate  curves.  Interestingly,  the  apparent 
constant  slope  of  the  curves  at  elevated  temperature,  corresponding  to  a 
linear  surface  regression  rate  eqtiation  of  the  form 

B  =  ATjj  exp(-E/RTjj)cm/Boc  (l) 

is  reminiscent  of  what  one  might  expect  for  a  surface  deccmqjosition  reaction 
where  =  Tg,  the  strand  surface  temperature. However,  in  spite  of 


7.  R.  F.  Chaiken,  W,  H.  Andersen,  M.  K.  Barsh,  E.  Mishuck,  G,  Moe 
and  R.  D.  Schultz,  J.  Chem.  Phys..  32.  141  (i960). 
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hot-plate  tenperatiires  v^ich  in  some  Instances  reached  as  hl£^  as  770^K, 
only  a  slight  aunount  of  decomposition  was  observed  in  any  experimental  run. 

The  explosive  strands,  in  each  case,  seemed  to  melt  and  flow  away  from  the 
strand-hot-plate  interface,* 

Inspection  of  the  TNT  and  FETN  data  indicates  that  within  the 
experimental  data  scatter,  change  in  environ^ntal  pressure  from 

^  5  >  ■ 

^lO*'-'  to  1  atm  has  no  discernible  effect  on  the  melt-flow  sxjrface  rate. 

Also,  the  fact  that  the  surface  regression  rates  for  FETN  appear  to  be 
independent  of  the  type  of  binder  (unreactive  polystyrene  “vi.  reactive 
nitrocellulose)  would  indicate  that  the  3/^  level  of  binder  used  in  forming 
the  strands,  does  not  influence  the  inherent  surface  rate  process. 

As  an  aid  to  interpreting  the  observed  hot-plate  surface  rate  process, 
the  slopes  of  the  straight  lines  drawn  through  the  upper  temperature  regime 
data  points  of  Figures  2-5  were  determined  to  yield  "apparent  activation 
energies"  and  pre-exponential  constant*  corresponding  to  values  of  E  and  A 
in  Equation  (l) .  Siorprisingly  these  values,  which  are  listed  in  Figiure  6,  were 
found  to  correspond  to  what  might  be  expected  as  an  energy  barrier  to  a  rate 
process  involving  melting  or  viscous  flow.  According  to  Eyring's  Absolute 
Rate  Theory,  the  energy  barrier  to. melting  and/or  viscous  flow  should  be  of 
the  order  of  the  heat  of  fusion.  Unfortunately,  data  on  the  heat  of  fusion 

8.  S.  Glasstone,  K,  J.  laidler  and  H,  Eyring,  Theory  of  Rate 
Processes,  McGraw-Hill,  New  York  (1941)  Ch,  9. 


and  viscosity  coefficient  for  the  explosives  of  interest  are  too  limited  for  an 


In  the  case  of  TNT,  the  melt-flow  process  was  verified  by  high-speed 
motion  pictures  of  a  vacuum  run,  and  recovery  of  the  melt. 
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exact  comparison  of  the  restilis  at  this  time.  However,  similar  melt^flow 
rate  data  on  benzoic  acid,  obtained  in  these  laboratories  with  both  the 
hot-plate  and  Ostwald  viscosimeter  techniques  (see  Figures  7,  8)  do  allow 
a  precise  comparison  of  results.  As  seen  from  Figure  6,  the  apparent 
activation  energy  of  4.1  kcal/mple  for  the  hot-plate  surface  rate  data  com¬ 
pares  quite  favorably  with  the  heat  of  fusion  (4.14  kcal/mele),  and  the 
"activation  energy"  for  the  temperature  variation  of  viscosity  (4.12  kcal/mole). 

These  correlations  are  undoubtedly  more  than  fortuitous,  thus 
suggesting  that  some  rate  controlling  kinetic  process  related  to  the  explosive 
itself  is  occurring  at  the  strauad  hot-plate  interface.  If  this  were  so,  then 
Equation  (l)  can  be  treated  as  a  surface  boundary  condition  for  dissipation  of 
energy  under  similar  surface  heat-flux  conditions.  Bowden,^  in  his  hot-spot 
treatment  of  impact  and  friction  initiation  of  granular  explosives,  has  already 
suggested  that  intergrannular  friction  accompanied  by  melting  at  the  surfacee 
of  the  granules  could  control  hot-spot  temperatures,  and  hence,  sensitivity 
to  initiation. 

This  point  as  well  as  an  anlysis  of  the  kinetic  processes  which  are 
believed  to  occrir  is  discussed  in  the  following  sections. 

III.  THEORETICAL 

A .  Analysis  of  the  Hot-Plate  Experiment 

A  proper  treatment  of  the  detailed  surface  rate  processes 
occurring  in  the  hot-plate  heating  experiment  requires  consideration  of  the 
energy  and  mass  transport  in  the  melt  layer  separating  the  hot-boundary, 
(represented  by  the  hot-plate)  and  the  cold  boundary  (represented  by  the 
strand  surface) .  Solutions  to  the  conservation  equations  representing  such 
flow  phendmisna  are  generally  a  formidable  task  requiring  numerical  methods; 
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however,  the  simple  geometry  and  steady-state  nature  of  the  hot-plate 
experiment  allows  for  simplifications  which,  render  the  problem  tenable. 
Cantrell^  has  demonstrated  this  for  the  case  of  a  solid  evaporating  at  a 


9.  R.  H.  Cantrell,  AIAA  Jounial.  1,  15U  (1963). 


hot-plate  surface  where  the  flow  velocity  in  the  gas-film  layer  is  subsonic. 
Solutions  have  also  been  presented^®  for  the  same  problem  when  supersonic 


10.  R.  F.  Chaiken,  D.  J.  Sibbett,  J.  £.  Sutherland,  D.  K.  Van  de  Mark 
and  A.' Wheeler,  J.  Chem.  Phvs..  2311  (1962). 


flow  velocities  occur  in  the  gas-film  layer. 

For  the  melt-flow  problem  of  interest  here,  flow  velocities 
are  undoubtedly  subsonic,  hence  an  approach  similar  to  Cantrell's  should 
be  applicable. 

The  model  of  the  hot-plate  experiment  considered  is  shown 
in  Figure  9,  where  cylindrical  geometry  with  radial  symmetry  is  assumed. 

The  mass  balance  at  steady-state  values  of  the  surface 
regression  rate,  B,  is  determined  directly  by  equating  the  melt  flvix  intro¬ 
duced  axially  into  the  melt  layer  from  the  surface,  to  the  melt  flux  passing 
radially  through  the  melt  layer  parallel  to  the  strand  surface,  i.e,, 

5o 

Hs  Brdr  = 

where  Pg  and  Pj^  are  the  densities  of  the  solid  and  melt  respectively; 
r  and  z  are  the  respective  radial  and  axial  distances  in  the  melt  layer; 
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u  is  th«  radial  flow  velocity  of  the  nelt,  and  (5  Is  the  thickness  of  the 
melt  layer. 


For  constant  densities,  B  can  be  expressed  as 


Now  u(r,  z)  can  be  readily  obtained  from  the  momentum  con¬ 
servation,  where  it  is  assumed  that  l)  the  viscosity,  7^ ,  of  the  melt  can  be 
treated  as  an  averaged  constant,  and  2)  the  pressiure  gradient  (AP)  is  zero 
in  the  axial  direction,  i.e.,  P  -  P(r),  Thus  the  conservation  of  moewhtuai 
is  expressed  by 

(dP/dr)  =  7|((5^ 

vdiich  can  be  solved  for  u  under  the  viscous  flow  boundary  conditions, 
u  s  o  at  both  the  strand  surface  (z  «  o),  and  the  hot-plate  surface  (s  ■‘(5)* 
Direct  integration  of  Eqviation  (4)  gives 

u  =  (z/27|)(z  -(5)(dP/dr)  (5) 

Substitution  of  this  expression  for  u  into  Equation  (3)  yields 
the  followiiig  expression  for  the  radial  pressure  gradient. 

(dP/dr)  =  -{671 

Taking  the  pressure  at  the  outer  edge  of  the  strand  (i.e.,  at 
r  -  b)  to  be  the  ambient  pressure  P^,  integration  of  Equation  (6)  defines  the 
pressure  explicity  in  terms  of  r,  i.e,, 

Pn  0^ 


(7) 
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Now  since  the  pressure  in  the  melt  layer  arises  from  the  strand 
loading  force  W,  P(r)  -  is  related  to  W  by  the  esqsresslon 

W  -  27rr^  (P-Po)rdr  (8) 

This  results  in  an  eqxiation  for  B  in  which  only  the  melt  layer  thickness  , 
is  unknown,  i.e., 

B  =  (2  P^W  6  ^)/(37r  TJ  (9) 

It  now  remains  to  determine  (5  in  terms  of  the  temperature 
gradient  across  the  melt  layer.  It  is  interesting  to  note  that  for  benzoic 
acid  at  B  =  0,1  cm/soc,  reasonable  values  of  the  other  parameters  of  Equation  (9) 
give  a  value  for  (5  of -^2  x  10"^  cm,  which  is  larger  than  the  estimated 
roughness  of  the  hot-plate  surface. 

The  steady-state  energy  balance  at  the  strand  surface  can  be 

written  as 

4s  -AO  Va  -  PsB  [  Lf  +  C,(T,-T„)  ]  (10) 

where  qg  is  the  heat  flux/unit  area  at  the  strand  surface;  is  the  latent 
heat  of  fusion  of  the  solid;  Cg  is  the  specific  heat  of  the  solid  assumed 
independent  of  temperature,  ,)^is  the  heat  conductivity  of  the  melt  layer 
(assumed  to  be  an  averaged  constant);  Tg  is  the  strand  surface  temperature 
(assumed  to  be  the  melting  point  of  the  solid) ;  and  Tq  is  the  ambient  initial 
teo^erature  of  the  solid. 

Assuming  the  temperature  T,  in  the  melt  layer  to" be  isothermal 
in  the  radial  direction,  the  stationary  heat  transport  in  the  region  o  *  z  —  (5 
is  described  by 

w(dT/dz)  +  K(d2T/dz2)  =  o  (ll) 
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where  w  is  the  axial  component  of  the  melt  flow  velocity,  and  K 

is  the  thermal  diffusivity  of  the  melt  (assumed  to  an  averaged  constant) . 

For  the  conditions  of  interest  here,  it  is  reasonable  to  neglect 
the  convective  term  of  Equation  (ll)  so  that  d^/da^  «»  0,  which  leads  to  the 
temperature  distribution 

T  =  (Th-Ts)2/(5  +  T3  (12) 

This  appr<»cimation  can  be  Justified  by  considering  w  to  be 
constant  over  much  of  the  melt  layer.  For  this  condition,  the  temperature 
distribution  corresponding  to  Equation  (ll)  is^^ 


11.  D.  Rosenthal,  Trans.  Amer.  Soc.  Mech.  Engrs..  66.  849  (1946). 


Th-T. 


exp 


(13) 


For  the  hot-plate  conditions  of  interest. 


wz 


A 


=1  so  that 


second-order  or  higher  terms  in  the  expansion  may  be  neglected.  Thus; 
dT/dz  is  approximately  constant  which  Justifies  the  approximation  leading  to 
Equation  (12) . 

The  melt  layer  thickness  can  then  be  derived  from  Equations  (lO) 
and  (12)  yielding 

'P«‘=m  1  t  (Th-V 


iP.  <=. 


E  [VE,  +  (T.  -  V] 


(14) 


A  maximum  value  for  IwzAI  would  be  ~  0.1  corresponding  to  w  =  P.^/Pm 
=  0.1  cm/sec,  z-^aQ.0"’  cm;  K  =  10”^  cm /sec. 
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which  when  combined  with  Equation  (9)»  gives  the  followi.ig  expression  for  B. 


2  Pm\  IPnCj?  I  Th-T, 


yrrPs  Pe  q 


- fjLf  Usl* 

Ljf/Cg  +  Tg  -  T  lA'  \  I 


where  0  *>  is  the  fl\xldity  of  the  melt. 

Now  it  shovild  be  recalled  that  in  the  derivation  of  Equation  (15), 
the  transport  coefficients  K  and  0,  as  well  as  the  densities  and  specific  heats, 
f*ere  assumed  to  be  constants  averaged  over  a  given  region  in  space.  While 
..t  might  be  expected  that  the  ratios  Pg  and  Cj^/C^  are  relatively 

independent  of  the  variation  of  0K^  with  should  be  considered  in 
determining  B(Tjj).  Over  the  region  0  —  z  —  (5  »  average  value  of  a 
parameter  is  determined  by  the  expression 


<f(6P 


'F(z)dz 


'0  dz 


or  in  terms  of  temperature  (see  Equation  12), 


<tdhJ>  - 


(T.-T.) 


h  F(T)dT 


where  <|’(Tj^^  is  the  average  value  of  the  function  F  of  interest  (i.e,, 

0,  K  or  0k3) , 

From  the  Eyring-Absolute  Rate  Theory  treatment  of  diffusion 

Q 

and  viscous  flow  as  rate  processes®,  it  can  be  expected  that  the  energy  barriers 
for  thermal  conduction,  self -diffusion  and  viscous  flow  should  be  very  nearly 
the  same.  This  is  reflected  in  the  well  known  Einstein-dif fusion  equation,  in 


which  the  diffusion  coefficient  is  directly  proportional  to  the  fluidity,  and  in 
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the  fact  that  the  Lewis  Ntimber  (ratio  of  diffusion  coefficient  to  thernal 
diffusivity)  is  approximately  unity  in  many  flow  systems.  Thus,  in  accordance 
with  the  Eyring  theory  it  should  be  possible  to  represent  the  tenqperature 
variation  of  0  and  K  as  Arrhenius  type  functions,  i.e,, 

F(T)  =  Fo  exp  (-Ep/RT)  (18)* 


vmcre  the  activation  energy  Ep  is  the  same  for  thermal  diffusivity  and  fluid 
flow. 

In  this  manner,  Equation  (l?)  for  the  average  value  of  0K^(Tjj) 

becomes 

Ko  Up  ^ 

(VT.) 


I 

.  1’ 


axp(-£/RT)dT 


(19) 


where  E  «  E^  +  3Ejj  =  4E0. 

While  Equation  (19)  cannot  be  integrated  directly,  it  can  be 
shown  that  the  appearance  of  the  exponential  term  in  the  integrand  as  a  weight 
factor  will  result  in  an  average  value  of  0k3  which  lies  closer  to  the  value  of 
the  function  at  Th  than  at  Tg.  This  is  particularly  true  for  values  of  E  much 
larger  than  RT.  For  purposes  of  obtaining  a  closed  solution  for  the  average 
value  0k3(Tjj),  Equation  (19)  can  be  reasonably  approximated  by 


.  HqICoSr  <i>" 

E  (Th  -  Tg) 


exp  (x)  dx 


(20) 


>rtierc  <5’>  =  (Th  +  Tg)72  and  x  *  (-E/RT) . 


The  symbol  F  represents  either  0  or  K. 
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Integration  of  Equation  (20)  yields 


3  ^ 

<JiK3(Th)>  -  [  exp  (-EATh)  -  exp  (-EAT^)  ]  .  (21) 

4  -  T.) 


Replacing  in  Equation  (15)  ty  results  in  the  final 

expression  for  B(Tjj), 


B(Th)  =  A(Tj^2_T^2)i  [exp(-EATh)  -  exp(.EATs)  ]  ^ 

[( 


(22) 


where  A  -s' 


^  .)  (  .  S'.  -) 


3  0oKo^ 


RW 


37r 


A 


Ac 


s  ^8 


l6E^b4(Lf/G^  +  Tg  -  T^)- 


It  is  interesting  to  note  that  when  Tjj  approaches  Tg,  B(Tjj) 
rapidly  approaches  zero,  but  as  increases  above  Tg,  the  expression  for 
B(Th)  approaches 


B  =  A  exp(-E0/RTh)  (23) 

in  agreement  with  the  empirical  curve  found  for  the  high  temperatmre  regime 
of  the  hot-plate  data  (Equation  1) . 

Using  the  paranmter  values  listed  in  Figure  10,  B(Tj^)  was  cal¬ 
culated  and  compared  with  the  experimental  hot-plate  data  for  benzoic  acid. 

As  can  be  seen  in  Figure  7,  the  theoretical  c\irve  represents  a  reasonably 
goot  fit  to  the  experimental  data,  thus  indicating  that  the  assiunption  of  heat 
transport  and  forced  viscous  flow  of  melt  as  the  rate  controlling  process  at 
the  strand-hot-plate  interface  is  consistent  with  the  experimental  data. 

B.  Application  to  Explosive  Senaitivlty 

The  classical  investigations  of  Bowden  and  his  colleagues^  of 
the  impact  and  friction  sensitivity  of  granular  high  explosives  clearly 
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demonstrate  the  possible  role  of  melting  as  a  mechanism  of  degrading  the 
kinetic  energy  of  the  external  stimuli  to  heat.  Their  studies  of  the  sensiti¬ 
zation  of  explosives  by  high  melting  (  >  AOOOC)  grit  impurities  showed  that  the 
effectiveness  of  a  grit  impurity  in  promoting  initiation  increases  directly  with 
its  melting  point.  It  was  postulated  that  under  the  action  of  impact  and  friction, 
hot-spots  are  induced  within  the  explosive  san^jle  by  intergranular  rubbing. 
Presumably,  the  highest  temperature  achieved  tiy  this  mechanism  of  energy  dissipation 
is  the  melting  temperature  of  the  explosive  and/or  grit;  hence,  impurities  having 
melting  points  exceeding  the  hot-spot  temperature  necessary  for  growth  of 
explosion  (e.g.,  400-50G°G  for  C-H-N-0  explosives)  will  sensitize  the  explosive 
to  impact  and  friction  initiation. 

Unfortunately,  this  correlation  of  melting  point  with  sensitivity 
apparently  fails  when  pure  explosives  are  considered.  This  is  readily  seen 
by  comparing  the  melting  point  and  impact  sensitivity  of  FETN  (m.p.  =  1A2®C; 

505^  impact  height  ~  15  cm)  with  that  of  RDX  (m.p.  =  204°C;  505^  impact 
height  -  25  cm) Also,  it  is  readily  calculated  that  the  rate  of  isothermal 


12.  A.  D.  Little  Co.,  "Punch  Card  Recordirig  of  Data  on  Explosives," 
Final  Summary  Report  Contract  DA  19-020-0RD-173  (March  31,  1954) . 


decompositiem  of  typical  high  explosives  at  their  melting  point  is  far  too  slow 

to  account  for  a  rapid  initiation  tinder  impact  (see  Figure  11), 

6  13 

This  lack  of  correlation  led  Bowden  and  Cook‘d  to  suggest 


13.  M.  A,  Cook,  The  Science  of  High  Explosives.  Reinhold  Publishing  Corp., 
New  York  (1958)  p.  180. 
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that  in  pure  C-H-N-O  explosives ^  initiating  hot-spots  (4CX)-500°C)  arise  from 
adiabatic  compression  of  vapor  pockets  ratther  than  from  intergranular  rubbing.  - 
However,  it  can  be  shown  on  the  basis  of  the  current  hot-plate  data  on  explo¬ 
sives  that  melting  with  viscous  flow  can  also  result  in  initiating  hot-spots. 

It  is  assumed,  along  with  Bowden,  that  in  an  impact  or  friction 
sensitivity  measurement,  the  kinetic  energy  of  the  external  stimulus  (e.g.,  a 
falling  weight)  is  converted  to  heat  by  the  action  of  e3q)losive  particles  being 

pressed  and  rubbed  against  each  other.  It  is  further  assumed  that  the  initial 

hot-spot  temperature  will  depend  upon  the  endothermic  rate  processes  which 
occur  in  the  vicinity  of  the  inter-particle  contact  surface.  The  analysis  of 
the  hot-plate  data  in  the  previous  section  suggests  that  this  t3rpe  of  surface 
heat  -generation  will  result  in  melting  at  the  particle  surface  with  viscous  flow 
of  heated  melt  in  a  thin  layer  separating  the  actual  solid  particle  surfaces. 
With  this  model  it  might  be  expected  that  the  rate  at  which  the  particles  can 

melt  will  be  given  by  Equation  (l)  or  (22)  where  B  is  now  the  linear  rate  of 

melting  of  the  explosive  granule,  and  Tj^  the  highest  temperature  in  the  melt, 

Tfj  can  also  be  considered  the  induced  hot-spot  temperature. 

The  energy  balance  between  the  rate  of  energy  delivered  into 
the  explosive  sample  per  iinit  of  contact  area,  and  the  rate  of  energy 

dissipated  by  melt  flow  at  the  dontact  surfaces  is  then  simply 

«in  -  P,®  [  -■'<>>] 

where  T^  is  the  tenperature  of  the  explosive  before  impact,  and  vdiere  it  is 
assumed  that  the  heat  capacity  of  the  explosive  is  independent  of  tenperature 
and  phase.  The  hot-spot  temperature,  Tjj,  can  be  related  directly  to  by 
expressing  B  in  terms  of  Eqviation  (l)  or  (22), 
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A  plot  of  log  vs  Tj^  for  the  fovir  explosives  st\)die<l  is 
shown  in  Fig\a?e  12.*  It  is  readily  apparent  that,  at  any  given  melt  temperature 
above  2$0*^C,  the  order  In  which  kinetic  energy  can  be  dissipated  by  melting 
is  given  by  TNT^Tetryl^RDX^-PETN,  Likewise,  at  any  given  ener'gy  input, 
the  induced  hot-spot  temperatures  would  bo  in  the  order  FETN^RDX^TetrylvTNT, 
>diich  is  J\i8t  the  order  of  decreasing  impact  sensitivities  of  these  explosives. 
Hence,  it  is  suggested  that  impact  sensitivity  should  be  correlated  by 
the  rate  at  which  kinetic  energy  of  impact  can  be  dissipated  by  endothermic 
surface  melting,  and  not  by  the  melting  temperature  alone.  This  consideration 
is  certainly  in  keeping  with  the  observed  sensitivity  data  as  well  as  with 
a  self -heating  type  of  mechanism  for  the  growth  of  exothermic  reaction  (in  the 
melt)  to  explosion. 

It  is  interesting  to  note  that  below  250®C,  the  rate  of  surface 
energy  dissipation  by  PETN  is  greater  than  that  of  RDX.  This  would  imply 
t'nat  under  conditions  where  hot-spot  temperatures  less  than  250^C  are  re¬ 
quired  to  cause  initiation,  RDX  may  be  more  sensitive  than  ffiTN,  However, 
under  most  conditions  of  impact  measurements,  minimum  critical  hot-spot 
temperatures  lie  in  the  range  of  400-500°C. 

In  the  case  of  impact  sensitivity  measurements  carried  out 
under  standardized  procedures  it  is  even  possible  to  use  the  hot  plate  data 


In  calculating  the  heat  of  fusion  was  taken  as  being  equal  to  the  apparent 
activation  energy  for  melt  flow.  The  data  of  Figure  6  indicates  that  this  is 
probably  a  reasonable  approximation. 

A  self  heating  type  of  growth  mechanism  leads  to  the  conept  of  a  critical 
minimum  hot-spot  temperature  required  for  initiation  of  the  e]q>losive. 
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to  estimate  relative  impact  sensitivities.  Under  standard  conditions  it  might 
be  reasonable  to  expect  that  will  be  directly  proportional  to  the  kinetic 
energy  of  the  falling  hammer,  with  a  prc^ortlonality  constant  idiich  is  the 
saune  for  the  four  C-H-N-0  explosives  under  consideration.  Also,  there  is 
evidence^*  that  the  hot-spof  temperature  required  for  initiation  by  impact 
is  approximately  the  same  (400-500°C)  for  these  high  explosives.  With  these 
conditions,  the  values  of  (5^  should  be  in  the  same  ratio  as  the  values  of  the 
impact  heights  necessary  to  initiate  the  explosive.  Figure  13  shows  a  com¬ 
parison  of  those  ratios  at  =  400”c  and  «  6(X)®C.  It  is  readily  seen  that 
there  is  reasonably  good  agreement  between  the  calculated  and  experimental 
ratios,  and  that  the  ratios  are  relatively  Independent  of  the  choice  of 

It  is  perhaps  worthwhile  to  show  that  the  absolute  values  of 

•  — 

Qfn  (Tjj  »  5CX)”C)  are  of  a  reasonable  order  of  magnitude  on  the  basis  of  the 
initiating  kinetic  energy  of  a  falling  weight.  Most  standard  impact  measure¬ 
ments  are  made  with  a  2.5  kg  hammer  with  a  ^^35  nig  sample  of  explosive. 

It  has  been  estimated^  that  the  time  duration  of  the  kinetic  energy  of  ioq^act 


14.  J.  Wenograd,  ''Third  ONR  Symposium  on  Detonation,"  held  at  Princeton 
University  September  1960j  ONR  Symposium  Report  ACR-52  Vol.  I,  p.  60. 


is  >>^250  ^sec.  Assuming  spherical  explosive  granules  of  radius  Tp  and  a 
circular  contact  area  of  radius  r^,  can  be  approximated  by 


<3in  = 


_ (kinetic  energy  of  impact) _ _ 

(#  of  particles)  x  (contact  area/particle)  x  (impact  duration) 


®in  “  ®  h  Tp^/r^^  cal/cm^-sec 
where  h,  the  il^>act  height,  Tp  and  are  given  in  cm. 
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While  the  value  of  Is  not  knoxh,  it  might  be  reasonable  tp 

c 

expect  a  value  ot  5  fJL  »  ^^/J-  •  an  ii^ct  height  of  5P  ca  w>uid 

correspond  to  ~200  cal/cm-eee,  which  ip  Witihin.  the  range  ot  valupa 
expected  fron  the  hot-plate  data* 
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IV.  SUMMARI 

The  nature  and  rate  of  linear  surface  regression  of  TNT,  RDX,  tetryl  wd 
FETN  has  been  studied  utilizing  a  hob-plate  pyrolysis  technique  over  surface 
temperatures  ranging  as  high  as  5CX)*^C.  The  data  when  compared  to  similar 
data  for  benzoic  acid  suggests  that  the  primary  surface  rate  process  appears 
to  be  an  endothermic  melt-flow  having  an  apparent  activation  energy  sugges¬ 
tive  of  heat-transfer  arid  viscous  flow  as  a  rate  controlling  step. 

These  data,  when  used  as  a  measure  of  surface  heat  dissipation,  corre¬ 
late  very  well  with  the  measured  values  of  impact  sensitivity.  Also,  they 
offer  an  explanation  for  the  fact  that  attempts  to  correlate  Impact  and/or 
friction  sensitivity  with  meltlrtg  point  alone  could  lead  to  misleading  re¬ 
sults  when  F£TN  and  RDX  are  -  consldei*ed . 
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PHTSICAL  CHARACTERISTICS  OF  EXPLOSIVE  STRANDS 


Approx. 

Strand 

Dimensions 

1  X  w  X  d  ( cm) 

Forming 

Pressure 

(osi) 

Strand 

X-sectlonal 

(cm^) 

Average 

Strand 

Density 

(gm/cm?) 

X-tal** 

Density 

(Bm/aiP) 

TNT 

3.8  X  0.4  X  0.4 

40,000 

0.17 

1.58 

1.65 

Tmtryl 

3.8  X  0.4  X  0.4 

30,000 

0.16 

1.52 

1.73 

RDX* 

4.8  X  0.6 

40,000 

0.32 

1.61 

1.82 

PETN* 

4.8  X  0.6 

40,000 

0.32 

1.57 

1.77 

Prepared  by  cementing  5  cylindrical  pellets  together  vdth  Eastman  910 
cement.  Pelleta  formed  with  3  vt%  of  binder,  either  polystyrene  or 
nitrocellvilose . 

W.  R.  Tomlinson,  Jr.,  "Properties  of  £]q>losive8  of  Military  Interest" 
Technical  Report  No.  17A0  Plcatlnny  Arsenal,  Dover,  N.  J.,  Revised  by 
0.  E.  Sheffield,  April  1958. 


Figure  1 
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Figure  2 
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Figure  3 


8/T|j  (eiii/»»c.®K ) 
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282*C 

J27«C  172*C 

144»C 

STRAND  LOADING  FORCE  -  1M0  GRAMS 

0-3%  POLYSTYRENE  BINDER 
□-  3%  NITROCELLULOSE  BINDER 

SHADED  POINTS;  2-4  mm  Hg  PRESSURE 
OPEN  POINTS;  760  mm  Hg  PRESSURE 


reciprocal  temperature  -  1/T^  X  lO--*,  (®K)" 


Figura  5 
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APPARENT  ACTIVATION  ENERGIES  AND 
PRE-EXPONENTIONAL  FACTORS 


Hot  Plate  Data 
A(cm/sec-°K  S(  lt,caJ./aale) 


Heat  of 
Fusion 
( kcal/mole) 


Ostwald 

Viscosiraeter 

Data 

E  (kcal/mole) 


TNT 

0.071 

4.9 

5.09* 

— 

Tetryl 

0.053 

5.5 

6.36* 

— 

RDX 

0.014 

5.3 

— 

— 

PETN 

0.0012 

2.7 

— 

— 

Benzoic  Acid 

0.072 

A.1 

4.14** 

4.12 

W.  R.  Tomlinson,  Jr.  Properties  of  Explosives  of  Military  Interest 
Technical  Report  No.  1740,  Picatinny  Arsenal,  Dover,  N.  J., 

Revised  by  0,  E.  Sheffield,  April  1958. 

G.  T.  Furukawa,  R.  E.  McCoskey  and  G.  J.  King,  J.  Res,  Nat.  Bur.  Stds,. 
iiZ,  256  (1951). 


Figure  6 
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CYLINDRICAL  GEOMETRY  REPRESENTATION 
OP  HOT-PLATE -STRAND  INTERFACE 
WITH  RADIAL  SYMMETRY 


Figure  9 
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BENZOIC  ACID  PARAMETERS  FOR  CALCUUTINO 
THEORETICAL  SURFACE  REGRESSION  RATE 


Lf  =  33.95  cal/gm 


Tq  =  300OK 


=  0,95  gm/cn^ 

/^  =  1.27  gm/cm^ 

Cs  =  Ca  “  0.5  cal/gm* 


K  =  O.S  cmVseoj  corresponding  to  - 
K(T^)  =  8  X  10-4  cm^/sec* 

0Q  =  1.32  X  104  poise  (cm-sec/gm) 

W  =  i860  gro-cm/sic 

b  =  0,25  cm 

=  4120  cal/mole 


Estimated  value. 


Figure  10 
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ISOTHERMAL  DECOMPOSITION  RATES  AND  ADIABATIC  EXPLOSION 


TIMES 

OF  HIGH  EXPLOSIVES  AT  THEIR  MELTING  POINT 

Explosive 

* 

Log  Z 

Ea"" 

(Kcal/mole) 

Melting 
Point 
■T„  (OK) 

^r 

8<JC~1 

texp^ 

sec 

TNT(a) 

12.2 

43.4 

353 

2,5  X  10"^5 

2.3  X  I0I2 

tnt(^) 

11.4 

34.4 

353 

1,6  X  10"^° 

4.5  X  10® 

Tetryl^*) 

12.9 

34.9 

402 

10“6 

8.9  X  10^ 

RDX^^^ 

15.5 

41.0 

477 

6.3  X  10-4 

18 

RDX*^'^) 

18.5 

47.5 

477 

6.3  X  10-^ 

16 

PETN^^^ 

15.2 

38.6 

415 

10"5 

880 

PETN^^^^ 

23.1 

52.3 

415 

4  X  10“5 

160 

*  Dsomposition  Rate  Constant,  kp  =  z  exp(-E^/RT)« 

^  Calculated  with  the  heat  capacity,  C  *=  0.5  cal/gm-deg  and  heat  of 
decomposition,  Q  =  500  cal/gm  for  all  explosives j  Adiabatic  EScplosion 
Tiirie,  t^^p  «  CRT^OEakp 

(a)  M,  A,  Cook  and  M.  T.  Abegg,  Ind,  Eng.  Chem. .  48,  1090  (1956). 

(b)  A,  J.  B.  Robertson,  Trans.  Faraday  Soc..  UU,  977  (1948);  41,  85  (1949) 

(c)  E.  K.  Rideal  and  A.  J.  B,  Robertson,  Proc.  Roy.  Soc.  (London),  A195. 
135  (1948). 

(d)  A.  J.  B„  Robertson,  J,  Soc.  Chem,  Ind.  (London),  6I,  221  (1948). 
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COMPARISON  OF  RATE  OF  SURFACE  HEAT 
DISSIPATION  AND  IMPACT  SENSITIVITI 


Calculated  Rates  of 
Svurface  Heat  Dissipation  (cal/cm^-sec) 


Impact  Sensitivity 


Explosive 

673°K 

%  Relative  to 
TNT 

Zhj: 

*^in 

873°K 

Relative 
to  TNT 

505C^ 

height 

(cm) 

%  Relat: 
to  TNT 

TNT 

500 

1.00 

2600 

1.00 

■170 

1.00 

Tetryl 

210 

0.42 

1100 

0.42 

40 

0.24 

RDX 

70 

0.14 

330 

0.13 

25 

0.15 

raiTN 

40 

0.08 

120 

0.05 

15 

0.09 

Values  averaged  from  several  sets  of  data  listed  in  A,  D.  Little  Co.,  “Punch 
Card  Recording  of  Data  on  Explosives'*  Final  Sunmary  Report  Contract 
DA-19-020-0RD-173  (March  31,  1954)  for  a  2,5  kg  drop  hammer  on  35  rag  of 
explosive . 
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RATE  OF  SUBLIMATION  OF  AMMONIUM  HALIDES 
By 

R.  F.  Chalken,  D.  J.  Sibbett,  J.  E.  Sutherland,  D.  K.  Van  de  Mark, 

and  A.  Wheeler 

(A  portion  of  this  Appendix  vas  published  in  the  Journal  of  Chemical 

Pities,  Vol.  37.  2311,  1962) 

I.  INTRODUCTION 

A.  GJENERAL  BACKGROUND 

The  sublimation  of  ammonium  halides  is  of  special  interest 
in  studies  of  the  mechanism  of  evaporation  in  that  the  surface  gasification 
process  involves  an  endothermic  dissociation  reaction.  Also,  the  measure¬ 
ments  of  the  rate  of  sublimation  of  anmonium  chloride,  by  H.  Spingler^^) 
and  R.  D.  Schultz  and  A.  0.  Dekker^^)^  have  indicated  a  rate  constant  which 
is  chara'cterlzed  by  an  Arrhenius  activation  energy  considerably  less  than 
the  heat  of  vaporization,  and  a  frequency  factor  corresponding  to  an 
acconmodatlon  coefficient  of  -10"^  (as  compared  to  0.1  -  1.0  for  many  non- 
dlssoclative  molecular-  evaporations)  .* 

H,  Spingler^^^  employed  M.  yolmer's(3)  concept  of  step-wise 
evaporation,  and  suggested  that  the  rate -controlling  step  in  the  gasification 
process  Involves  the  transfer  of  a  molecule  fron  one  surface  site  to  another 


The  accommodation  coefficient  for  evaporation  refers  to  the  constant 
which  appears  in  the  Knudson-Hertz  evaporation  rate  equation.  It  shoiild 
be  noted  that  the  physical  significance  of  this  coefficient  is  questloxi- 
able  vdien  applied  to  substances  which  dissociate  upon  evaporation. 
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having  less  bonding  energy.  0.  Knacke,  I*  N.  Stranski,  and  G.  Wolff(^) 
elaborated  on  this  mechanism  in  further  detail.  In  essence,  the  reaction 
steps  can  be  depicted  as 


NH^‘^Cl"(l/2c) 


NH3  ...HCl(a) 


NH3(a)  +  HCl(a)  (1) 


NH3(g)  +  HCl(g) 


where  (l/2c)  refers  to  a  half -crystal  site  on  the  surface  (a)  to  a  surface 
adsorbed  site,  and  (g)  to  the  gas  phase.* 

The  relatively  small  experimental  activation  energy  (13.5  kcal/ 
mole) led  Knacke  et  al.  to  consider  reaction  step  (l)  as  rate  controlling. 

The  small  value  of  the  accommodation  coefficient  is  then  related  to  the 
relatively  small  concentration  of  half-crystal  surface  sites. 

0.  Knacke  and  I.  N.  Stranski^,^^  regard  the  rate  of  dissociation 
of  amnonium  chloride  as  a  "direct  proof  of  Volmer's  theory  of  step-wise  evaporation." 

The  above  statement  is  interesting,  since  R,  D.  Schultz  and 
A,  0.  Dekker^^*^\  who  utilized  a  novel  experimental  technique  (the  hot-plate 
linear  pyrolysis  technique)  to  verify  Spingler.'s  data,  sxiggested  that  desorption 
(step  3  in  equation  (l))  is  the  rate-determining  step.  This  assumption  implies 
that  the  crystal  surface  is  fully  covered  with  an  adsorbed  layer  of  (NH3  ...HCl). 

By  application  of  transition-state  theory  to  this  model,  they  were  able  to  derive 
a  rate  constant  in  agreement  with  experiment. 


The  half -crystal  site  (Halbkristallage)  is  taken  as  that  sxurface  site  >diere 
the  coordination  number  is  one  half  that  for  the  crystal  interior.  As  such, 
it  is  considered  that  the  energy  to  remove  a  molecule  from  that  site  to  the 
gas  phase  is  exactly  the  heat  of  yaporization.  An  important  feature  of  the 
half-crystal  site  is  that  it  is  the  edge  of  a  surface  step,  and  hence  regenerat¬ 
ing  (i.e.,  the  removal  of  a  molecule  from  the  site  forms  another  filled  half¬ 
crystal  site). 
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B.  PURPOSE  OF  PRESENT  STUDIES 

In  view  of  the  conflicting  concepts  concerning  the  details  of  the 
sublination  mechanism,  it  was  thought  that  data  on  the  sublimation  of  the  other 
ammonium  halides,  (viz.,  NHji^Br,  and  NH^I)  might  shed  further  light  on  the 

subject.  It  is  the  primary  purpose  of  this  paper  to  describe  these  rate  measure¬ 
ments. 

II.  EXPERIMENTAL 

A.  TECHNIQUES 

The  direct  measurement  of  the  sublimation  rate  as  a  fimction  of 
surface  temperature  is  complicated  by  the  fact  that  considerable  surface  cooling 
of  the  solid  can  occ\u:  during  the  reaction,  and  that  the  reacting  surface  is 
continually  regressing.  Thus,  it  becomes  somewhat  difficult  to  obtain  an  accurate 
temperature  and  area  measurement  of  the  reacting  surface.  In  fact,  it  is  probably 
these  difficulties  which  prompted  R.  Littlewood  and  E.  Rideal^?^  to  make  the 
ccmiment  that  experimental  values  of  the  evaporation  coefficient  for  materials 
evaporating  under  vacuum  are  determined  primarily  by  heat-transfer  conditions, 
and  not  by  other  considerations. 

In  the  present  vacuum  sublimation-rate  studies,  two  separate  and 
independent  techniques  were  employed:  (a)  a  hot-plate  linear  pyrolysis  technique 
which  was  initially  developed  by  R.  D.  Schultz  and  A.  0.  Dekker^^)^  ^^nd  (b)  a 
conventional  continuous  weight-loss  measurements  under  isothermal-vacutan  heating 
conditions.*  In  the  use  of  both  techniques,  careful  consideration  was  given  to 
the  measurement  of  the  true  reaction  temperature. 

*  H,  Spingler's^^^  studies  were  also  carried  out  under  isothermal-vacuum  heating 
conditions;  however,  his  rate  determinations  were  based  upon  an  average  time- 
lapsed  weight  loss. 
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B.  .  ISOTHERMAL  VACUUM  STUDIES 

A  continuous  weighing  method  using  a  quartz  spring  balance  similar 
to  that  described  by  L,  L.  Bircumshaw  and  T.  R.  Phillips  was  employed  in  these 
studies . 

The  ammonium  halides  were  of  ansdytlcal  reagent  grade  obtained  from 
the  Baker  and  Adamson  Chemical  Company.  The  chloride  was  further  purified  by 
three  recrystallizations  from  distilled  water  before  use,  %rtiile  the  bromide, 
fluoride,  and  Iodide  were  used  without  further  purification.  All  the  materials 
were  dried  and  stored  in  vacuiim  over  P2O5  at  all  stages  of  sample  preparation. 

To  prepare  sublimation  samples,  the  coarse  halide  crystals  were  ground  In  a  ball 
mill  to  a  particle  size  which  would  pass  through  a  loO-mesh  (149/^)  screen.  The 
dried  powder  was  pressed  with  a  conventional  IR^spectrophotosketer,  KBr  window 
press  for  10  min  at  10,000  psi  into  disk-shaped  tablets  having  the  dimensions  of 
-^1  X  12,7  Bn,  and  weighing  ■“0.2  g.  The  tablet  x,ce  quite  uniform,  and  appeared 
hard  and  translucent,  with  no  apparent  (macro)  surface  irregularities.  Measure¬ 
ments  of  the  tablets'  dimensions  with  a  precision  micrometer  were  used  to  make 
density  calculations.  These  calculations  indicated  densities  of  0.97,  lo4C, 

2.36,  and  2,47  g/cnP  for  the  fluoride,  chloride,  broBiide,  and  iodide  respectively 
Except  for  the  fluoride,  whose  crystal  density  is  reported  as  1.315^9),  these 
values  are  only  2  -  35^  below  the  accepted  crystal  density  values. 

The  sublimation  experiments  were  carried  out  in  the  apparatus 
Illustrated  in  Figure  1.  The  apparatus  consisted  of  a  quartz  helical-spring 
balance  (20  cm  long,  with  a  sensitivity  of  9.9  mg  per  nm  sprlnjg  displacement) 
suspended  in  an  evacuated  glass  chamber  (balance  case).  The  entire  lower  section 
of  the  balance  case  could  be  set  into  an  electrically  heated  vertical  combustion 
furnace.  The  sample  tablet  was  placed  edge  up  in  the  small  glass  bucket  attached 
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to  the  spring  in  a  manner  such  that  a  minimum  of  sample  area  was  in  contact  with 
the  glass.  A  thermocouple  well  allowed  a  thermocouple  Jxinction  (Pt  -  Pt,  lOjK  Rh) 
to  be  placed  within  1  cm  of  the  sample.  Ty.s  allowed  the  balance  case  temperatuz*e 
to  be  determined  as  a  function  of  time.  The  pressure  Vias  maintained  at 
nm  Hg  during  an  experiment. 

In  practice,  the  furnace  was  first  preheated  to  the  desired  ten^jera- 
ture  and  then  raised  into  position  around  the  lower  end  of  the  balance  case  in 
idiich  the  tablet  was  siispended.  Subsequent  vaporization  in  the  temperature 
controlled  (+  1°C)  vacuum  chamber  was  followed  by  observing  the  spring  contraction 
with  an  optical  reader.  The  position  of  a  reference  fiber  attached  to  the  spring 
suspension  could  be  read  to  +  0.04  mm,  leading  to  weight-loss  measurements  vdilch 
were  acciu*ate  to  +  0.5  mg.  Typical  weight  loss  vs  time  ciirves  which  wore  obtained 
by  this  method  are  shown  in  Figure  2. 

In  determing  the  sublimation  temperature,  careful  ccxisideration 
was  given  to  the  surface  cooling  effect  mentioned  previously.  In  separate 
experiments,  the  actual  surface  tenperature  was  measured  as  a  function  of  balance- 
case  temperature  by  comparing  the  EMF  of  a  thermocouple  junction  in  direct  contact 
with  the  subliming  surface  to  the  reading  from  the  balance  case  thermocouple. 

The  measiared  temperature  differences  served  as  empirical  correction  factors  (see 
Figure  3)  to  account  for  the  effect  of  surface  cooling.  (When  a  non-volatile 
sample,  such  as  NaCl  or  NaNO^  was  heated,  the  two  temperature  readings  agreed  to 
+  1°C,)  It  was  interesting  to  observe  that  for  NH/^F,  the  surface  cooling  aunounted 
to  as  much  as  70°C  at  a  balance-case  temperature  of  only  150®C, 

C.  HOT-PLATE  STUDIES 

In  these  studies,  direct  measurements  of  the  linear  rate  of  siurface 
sublimation  of  rectangular  strands  of  pressed  ammonium  halides  were  obtained  by 
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neans  of  the  method  known  as  the  hot-plate  technique (2) . 

The  sample  strands^  measuring  0.5  x  -1.0  x  7.5  cm,  were  prepared  hgr 
pressing  the  powdered  halides  In  a  special  strand  mold.  The  naterlals  used  were 
the  same  as  those  employed  In  the  Isothermal  studies,  except  for  the  mesh  slse 
of  the  which  was  35  mesh  (420 . 

The  strand  formation  condltlois  were  20,000  psl,  with  a  5-min  dwell 

time.  It  was  found  that  heating  the  die  to  /»150°C  dtirlng  the  pressing  operation 

was  beneficial  In  obtaining  almost  uniformly  translucent  strands;  however,  the 

♦ 

method  was  only  applied  to  the  chloride  and  bromide.  The  other  two  halides  were 
pressed  cold  In  order  to  minimize  the  possible  formation  of  ammonium  hydrogen 
fluoride  and  Iodine.  Solid-strand  densities  similar  to  those  listed  for  the 
disk-shaped  tablets  were  obtained  by  this  technique. 

The  hot-plate  apparatus  employed  In  the  present  studies  was  an 
Improved  version  of  the  early  apparatus  employed  by  R,  D.  SchiUtz  and  A.  0, 
Dekker.^^^  The  details  of  this  Improved  apparatus  are  published  elsewhere.^^®*^^) 
Briefly,  the  surface  evaporation  Is  accomplished  by  pressing  the  end  of  a  sample 
against  an  electrically  heated  hot  plate.  A  small  Pt  -  Pt,  105i  Rh  thermocouple 
Junction,  which  Is  imbedded  In  the  hot  plate  and  positioned  at  the  strand-hot 
plate  interface,  enables  the  s\u'face  temperature  to  be  recorded  while  the  linear 
rate  of  regression  of  the  strand  surface  is  measured.  The  steady-state  surface 
temperature  (and  hence  the  linear  sublimation  rate)  is  changed  by  varying  the 
electrical  power  expended  In  the  hot  plate. 

Figures  4  and  5  show  the  data  points  for  the  linear  sublimation  rate 
of  NH/^Cl  obtained  at  different  environmental  pressures  and  with  different  loading 
pressures  (i.e.,  the  force/unit  strand  area  with  which  the  strand  is  pressed 
against  the  hot  plate).  It  is  noteworthy  that  the  Arrhenius-rate  plot  of  the 
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vaeuuB  data  is  linear  over  a  250°C  range  of  stirface  temperature,  corresponding 
to  sublimation  rates  which  differ  by  more  than  a  factor  of  100,  Also,  the  hot¬ 
plate  data  are  in  good  agreement  with  the  linear  surface  regression  rates  obtained 
from  Spingler's  data.  The  significance  of  the  data  points  vdiich  lie  below  the 
straight-line  curves  of  Figures  4  and  5  will  be  discussed  in  the  neoct  section. 

The  vacuum  hot-plate  data  for  all  the  halides  are  shoidn  In  Figure  6.  The  idealised 
strand-hot-plate  interface  for  mass  transfer  analysis  Is  shown  in  Figure  7« 

III,  RESULTS 

A.  ISOTHERMAL  VACUUM  STUDIES 

The  problem  of  determining  the  rate  constant  from  the  experimental 
weight  loss  vs  time  data  was  apparently  greatly  simplified  by  the  use  of  the  thin 
disk-shaped  samples,  vdiich  had  a  relatively  large  and  well-defined  surface-to-  ‘ 
volume  ratio.  As  would  be  expected  for  a  zero-order  reaction  (i.e,,  surface 
reaction  with  a  constant  reaction  area),  the  rate  of  weight  loss  was  essentially 
constant  over  a  major  portion  of  the  reaction  (see  Figure  2).  Since  the  surface 
roughness  factor  was  not  known,  it  was  assumed  that  the  sublimation  rate  per 
unit  of  area  would  be  determined  by  the  initial  geometric  sample  area,  and  the 
slope  of  the  straight-line  portion  of  the  weight  loss  vs  time  curves.  As  will 
be  described  later,  the  assumption  of  unity  for  the  s\irface  roughness  factor 
gives  good  agreement  between  the  hot  plate  and  isothermal  data. 

The  lower  portion  of  Figure  6  shows  a  compilation  of  the  rate  data 
obtained  in  this  manner.  For  convenience,  the  data  have  been  converted  from  a 

o 

mass  rate  (i.e.,  mg/cm  -min)  to  a  linear  rate  (i.e.,  cm/sec)  by  dividing  by  the 
crystal  density  and  other  suitable  numerical  factors. 

B.  HOT-PUTE  STUDIES 

The  rate  measurements  made  with  the  hot-plate  technique  yield  directly 
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the  linear  sublinatlon  rate,  and  hence  do  not  require  further  analysis  to  detemlns 
the  reaction  area.  However,  a  major  assxmption  in  the  use  of  the  technique  is 
the  Identification  of  the  reaction-surface  ten^rature  with  the  hot-plate  teiq>era- 
ture.  It  is  actually  the  latter  temperature  which  is  measured  by  the  imbedded 
thermocouple.  The  assumption  implies  that  the  temperature  drop  across  the  thin 
layer  of  gas  separating  the  strand  surface  from  the  hot  plate  is  negligible, 
which  might  not  be  the  case. 

Evidence  for  the  validity  of  this  assumption  lies  in  the  fact  that 
there  is  a  range  of  vaporization  rates  where  the  measured  surface  temperature 
Is  independent  of  the  force  used  to  press  the  strand  against  the  hot  plate 
(see  Figure  5).  However,  as  the  gasification  rate  increases,  the  thickness  of 
the  separation  layer  must  increase  in  order  to  maintain  steady-state  flow 
conditions.  Hence,  there  will  be  a  vaporization  rate  above  which  there  will  be 
a  significant  temperatxire  gradient  between  the  hot  plate  and  the  gasifying  sur¬ 
face,  At  this  point,  the  apparent  surface  temperatures  would  be  fictiJ.J,,ou8ly 
high,  and,  in  terms  of  the  Arrhenius  rate  plot  of  Figure  5,  will  result  in  a 
downward  displacement  of  the  data  points  from  a  linear  curve. 

In  order  to  estimate  the  value  of  the  temperature  drop  across  the 
interface  more  quantitatively,  an  approximation  analysis  of  the  heat  and  mass 
transfer  at  the  interface  was  carried  out.  The  details  of  this  analysis  are 
presented  in  Appendix  it  was  shown  that  a  tenperattire  difference  could  be 

expected  to  occur  within  the  range  of  experimental  conditions,  and  that  it  would 
vary  inversely  with  the  first  power  of  the  loading  pressure,  and  directly  with 
the  square  of  the  linear  regression  rate.  Thus,  one  might  expect, an  apparent 
rate  threshold  above  which  the  basic  assuiiq^tlon  concerning  the  surface  tfa&perature 
measurement  would  >-not  . be  valid.  As  can  be  seen  by  co]iq>arlng  the  high  tegqserature 
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data  points  of  Flgxire  5  to  the  calculated  curves  (calculated  by  equation  lAA  In 
Appendix  B-2),  a  threshold  point  does  occur  at  '^0.01  cm/sec.  Unfortunately^ 

It  is  believed  that  the  calculated  temperature  errors  are  insufficiently  certain 
to  warrant  their  use  as  correction  factors  in  a  manner  analogous  to  the  tempera¬ 
ture  corrections  employed  in  the  isothermal  vacu\im  studies. 

With  regard  to  the  effect  of  environmental  pressure  on  the  rate  of 
sublimation^  it  is  apparent  from  the  data  of  Figure  4  that  increasing  pressure 
causes  an  apparent  decrease  in  the  linear  sublimation  rats-at-the  lower  range  of 
stirface  temperatures,  and  that  the  effect  becomes  more  pronowced  as  the  tes^ra- 
ture  is  decreased. 

This  environmental  presstore  effect  can  be  readily  understood  from  con¬ 
sideration  of  the  reverse  condensation  reaction  (see  Equation  1),  Under  environ¬ 
mental  pressures  which  approach  the  vapor  pressure  of  the  NH^  and  tjCl  in  the 
interfacial  layer,  the  gas  flow  from  the  layer  becomes  diffusion  limited  rather 
than  sound-velocity  limited  (see  Appendix  This  resvilts  in  an  increased 
residence  time  for  the  vapor  in  close  vicinity  to  the  solid  surface,  thereby 
enchancing  the  back  condensation  reaction.  It  is  this  increased  condensation 
which  results  in  measured  linear  sublimation  rates  which  are  less  than  the  vacuum 
rates . 

It  can  therefore  be  expected  that  the  measurement  of  accurate  vacuum 
sublimation  rates  with  the  hot-plate  technique  is  limited  to  surface  temperature 
conditions  where  the  equilibrium  vapor  pressure  is  at  least  twice  that  of  the 
environmental  pressure.  For  the  ammonium  halide  system  and  the  vacuum  conditions 
employed  here  (i.e.,  1  -  2  mm  Hg),  this  lower  limit  of  surface  temperature 
corresponds  to  a  linear  velocity  of  regression  equal  to  about  10”^  cm/sec. 

IV.  DISCUSSION 

The  sublimation  rate  equation  can  be  expressed  as  a  linear  surface 


-9‘ 


Report  0372-OIF 
APPENDIX  B 

2  1.  , 

regression  rate, 

B  B  Ag  exp(*^RTg)em/see  (2) 

or  its  equivalent  font 

V  =  Ag(  P/^)exp(-Eg/RTg)iiioleB/<3i^-sec,  (3) 

where  P±e  the  crystal  density  and  M  the  molecular  weight. 

In  Figure  6,  the  vacuum  rate  data  from  both  experimental  technlclues 
corresponding  to  Equation  (2)  have  been  combined  for  easy  visual  ccmiparison. 

The  good  agreement  between  the  data  of  both  experiments  is  quite  apparent, 
pairtlcularly  when  one  recognizes  the  limitations  of  the  techniques. 

It  is  somewhat  remarkable  to  observe  from  the  linearity  of  the  data 
points,  that  the  experimental  data  for  each  halide  represent  a  change  in  the 
reaction  rate  of  a  factor  of  about  10^,  and  that  a  single  reaction  mechanism 

appears  to  be  operating  over  the  entire  range  of  temperature. 

Figure  8  contains  a  list  of  physical  constants  and  constants  for  the 
sublimation  rate  equations  as  determined  by  combining  both  sets  of  experimental 
data.  Although  a  complete  statistical  analysis  of  variance  has  not  been 
carried  out,  it  is  estimated  that  the  standai*d  deviation  of  the  values  for 
the  activation  energy  Eg,  is  less  than  +  2  kcal/mole. 

It  should  be  pointed  out  that  the  sublimation  rate  of  NH^Cl,  as 
determined  in  the  present  studies,  compares  quite  favorably  with  the  measure¬ 
ments  of  Spingler^  (i.e.,  Ag  =  8?  cm/sec;  Eg  =  13.5  kcal/mole),  and  of 
Schultz’  and  Dekker^  (i.e.,  A^  =  300  cm/sec;  Eg  -  11,2  kcal/mole*). 


Reference  is  also  made  to  the  unpublished  ammonium  chloride  hot-plate  data 
by  K.  W.  Bills,  M.  Therneau,  E.  Mishuck,  and  R.  D.  Schultz  06R-TN-55-I17 
(1955)  in  which  A^  =  120  cm/sec,  and  Eg  =  13,5  kcal/mole. 
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Upon  examining  the  experimental  rate  data  of  Figure  it  is  interesting 
to  note  the  foUovring:  (l)  the  values  for  Eg  Increase  almost  linearly  with 
Increasing  molecular  weight,  and  are  approximately  one-third  the  heat  of 
sublimation  (2)  The  values  of  Ag,  except  for  the  case  of  NH^F  , 

Increase  with  increasing  molecular  weight.  For  NH^^F,  the  value  of  Ag  is 
significantly  one  to  two  orders  of  magnitude  greater  than  the  other  halides. 

(3)  There  appears  to  be  no  simple  quantitative  relationship  between  Ag  and 
the  other  physical  constants  listed. 

A  detailed  theoretical  discussion  of  these  results  in  terms  of  a 
comparison  of  the  existing  mechanisms  of  evaporation  is  beyond  the  intended 
scope  of  the  present  discussion.  However,  it  is  intere,3ting  to  compare  the 
experimental  rates  with  those  which  can  be  readily  calculated  from  the 
Schultz-Dekker  transition  state  treatment  of  the  linear  sublimation  rate.^ 

From  their  simplified  model  of  desorption  at  the  reaction  surface,  the 
frequency  factor  of  Equation  (2)  above  at  Tg  =  600°K  can  be  expressed*  as 

Ag  =  6.98  X  10"^^(m/  )^/^H^^lXmV2,  (4) 

where  m  =  M/N,  the  molecular  mass  of  the  ammonium  halide,^  is  the  crystal 
density,  '^he  harmonic  oscillation  frequencies  of  the  NH^ 

and  HX  segments  of  the  physically  adsorbed  NH^*  •  •  HX  complex  in  the  plane 
of  the  reaction  surface.  The  apparent  activation  energy  is  given  by 
Eg  =  l/2(  A  ^^s,NH3"*^'^s,NH3) 

+(  AHg,HX-RTs,Hx),  ,  (5)  . 

where  is  the  heat  of  fusion  of  component  (X{(X-  or  HX),  AHg^Q^ 

is  the  heat  of  sublimation  of  component  Q(  measured  at  temperature  1's,Q( 
and  R  is  the  gas  constant. 

*  See  Equations  (16),  (19)»  and  (28)  of  Reference  6. 
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In  Equation  ( 5) *  E^  is  taken  as  the  sum  of  the  energy  barrier  to 
surface  collisons  between  NH^  and  KX  (approximated  by  the  first  term), 
and  the  energy  required  for  desorption  of  NH^  and  HX  (approximated  by  the 
second  and  third  terms) .  Equation  (4)  corresponds  to  a  relatively  highly 
localized  activated  complex  which  otherwise  resembles  the  adscrb^  initial 
state  molecular  coiiq)lex. 

Schultz  ^nd  Dekker^  obtained  estimates  of  the  harmonic  vibration 
frequencies  from  the  expression 

1.025  X  10^  (o.5Ava/itof_ 

mp 

Thus,  Equations  (4) -(6)  allow  almost  a  completely  a  priori  calculation  of 
sublimation  rates. 

Utilizing  thermodynamic  data  compiled  by  the  U.  S.  Bureau  of 
Standards,'^  the  rate  constant  parameters  for  all  the  ammonium  halides  were 
calculated.  Figure  9  shows  a  comparison  between  the  calculated  and  experimental 
results.  It  is  readily  apparent  that  the  agreement  between  theory  and 
experiment  is  quite  reasonable.  As  for  the  apparent  discrepancy  between  the 
measured  and  calculated  trend  in  the  variation  of  A^  with  molecular  weight, 
one  might  argue  the  significance  of  this  point  in  view  of  the  uncertain 
nature  of  the  kinetic  rate  determinations.  However,  it  is  perhaps  worthtdille 
to  consider  this  discrepancy  prior  to  forming  any  conclusions  as  to  the  validity 
of  the  Schultz-Oekker  treatment. 
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ISOTHERMAL  VACUUM  SUBLIMATION  APPARATUS 


FIGURE  1 
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FIGURE  5 


LINEAR  RYROLVSIS  RATE.  B.  cm/mc 
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IDEALIZED  STRAND-HOT  PLATE  INTERFACE  FOR 
MASS  TRANSFER  ANALYSIS 


FIGURE 
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COMPARISON  OF 

EXFERIMEan’  WITH  THE  SCHULTZ-DEKKER  THBtRY 

ExDerlMental  Values 

Schultz-Dekker  Theory 

cm/sec 

kcal/mole 

Ab 

cm/sec 

Es, 

kcal/mole 

NH4F 

2700 

12.2 

654 

10.04 

NH4CI 

60 

13.2 

362 

12,35 

NH^Br 

130 

15,0  - 

312 

12.82 

NH4I 

900 

16.6 

3OG 

13.50 
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AMALifSIS 


Consider  a  strand  of  solid  with  a  cross-sectional  area  of  2XgZ  gasifying 
at  the  surface  of  a  hot  plate.  Under  steady-state  conditions,  a  layer  of  gas 
of  constant  thickness,  (5  ,  separates  the  strand  surface  at  temperature  Ts^  from 
the  hot  plate  at  temperature  Tp  (see  Figure  ?)•  With  respect  to  the  actual 
hot-plate  pyrolysis  experiment,  it  should  be  possible  ot  obtain  reasonable 
estimates  of  the  temperature  drop  across  (3  by  considering  a  model  of  couette 
type  flow  bet%feen  parallel  plates,  and  the  following  simpllf^'ing  assumptions*: 

1.  The  mass  flow  in  the  2-direction  is  negligible  (this. should  be  a 
reasonable  approximation,  since  in  practice,  Z'^AXg). 

2.  The  flow  velocity  in  the  x-direction,  u(x,y),  is  symmetrical  about 
y  =(5/2  and  x  =  0,  and  is  linearly  dependent  upon  x  and  y,  i.e. 


u  =  2  ,  f  or  y  <  (5/2 

Ae 


u  =  2  ax 


Tor  y  >6/2 


(lA) 

(2A) 


3.  A  sonic  point  exists  at  x  =  Xg,  such  that  u(Xg,  y)  =  a,  which  is 
taken  as  constant.  This  assumption  should  be  a  reasonable  approximation,  since 
the  pressure,  P,  in  the  gas  layer  is  generally  greater  than  twice  the  environ¬ 
mental  pressure,  Pq. 

4.  The  gas  moving  within  the  layer  (5  expands  isobarically  along  x. 


« 


The  -authors  are  indebted  to  B.  L.  McFarland  of  Aerojet-General  Corporation 
for  demonstrating  the  applicability  of  this  approach. 
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and  Isothemally  along  y;  hence  for  an  ideal  gas 

^  (3i) 

iidiere  p(x,y)  is  the  gas  density  at  point  (x,y)  within  (5;  P(x)  is  the  pressiire 
at  a  point  x,  and  is  independent  of  y;  and  the  gas  temperature  T(y)  is  uniform 
along  X,  varying  only  in  a  direction  normal  to  the  surface. 

5.  the  temperature  varies  linearly  with  y  across  (5,  i.e.  the  energy 
conservation  across  planes  parallel  to  the  surface  can  be  expressed  a,s 

T  =  Ta  +  €y/(5  (4A) 


is  simply 


dT/dy  =  (Tp  -  T3)/(5=  e/6  (5A), 

Momentum  changes  in  the  gas  layer  are  negligible. 

Now  the  conservation  of  mass  across  auiy  plane  normal  to  the  surface 


Z«rBx  =  Z 


6 

j  pudy  - 


pudy 


From  equations  (3A)  and  (AA)y  we  solve  for  u  in  terms  of  y,  and 


integrate  (6A)  to  obtain 


P»®.' 


Since  2Tg/(Tp  +  Tg)  is  greater  than  l/2  we  can  expand  the  logarithmic 
tenn  in  (7A)  in  series  form,  i.e., 

m  =  -  €/2Tg  +  1/2  (  e/2T^)^-  ....  (BA) 

■'■p  ^  ■^8 

For  reasonable  values  of  e  and  Tg  <i..f  .,  €‘<300OC).,  we  can, with  negligible 

I . 

error,  neglect  all  terms  higher  than  the  square  term,  and  thus  obtain  the  following 
expression  for  (3 

r  2  R  XeTsPsB  - 
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Now  the  heat  flux  (qj  at  the  surface  is  sijiqsly  that  required  to  raise 
the  solid  from  a  temperature  to  a  tenqperature  and  to  vaporiss  the  solid. 
Hence  - 


4a  »PbB  [aH^  +  Ca(Ta  -  T^)]  -a'(dT/dy)y^  (lOA) 

where  AHy  is  the  heat  of  vaporization  at  Tg,  Cg  is  the  specific  heat  of  the 
solid,  and  ^ is  the  thermal  conductivity  of  the  gas  layer.  From  equations  (5A), 
(9A)  and  (lOA),  the  expression  for  the  tenqserature  drop,  £  “  Tp  -  T^,  becomes 


£  = 


ZfiXeTgCa  rAHy 

aP  ^  Cg 


+  Ts  -  To 


If  a  is  taken  as  an  averaged  sound  velocity  at  Xg,  then 


(HA) 


a  =  (12A) 

Where‘S  is  the  ratio  of  specific  heats  and  R'  is  the  gas  constant  in  cgs  vinits,--- 
Equations  (llA)  and  (12A)  allow  £to  be  defined  in  terms  of  known  parameters. 


i.e., 

€=  (2RXgCs/(3;P)  PgB)2(Tg;j1l')V2(^HyCg  +  (13A) 

For  the  reasonable  values  of  the  various  parameters  shown  in  the  table 
below,  Equation  (13A)  becomes 

£=3.7  (b2/P)(1730  +  Tg)  Tg  (IM) 

I 

VALUES  OF  PARAMETERS  FOR  EQUATION  (13A) 


=  2  X  10"^  cal/cm-sec/deg 

Ae 

=  0.25  cm 

Cg  =  0.38  cal/gui-deg 

Ps 

=  1.6  gm/cm^ 

l^y  =  27  gm/mole 

AHy 

=  790  cal/gm 

R  =  62/K  =  3.04  cn^-atm/deg-gm 

ol  V 

T 

0 

-  350OK 

R'  =  3.07  X  10^  erg/deg-gm 

7 

»  1.3 

I  ■ 
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KINETICS  OF  THE  DECOMPOSITION  OF  ANHYDROUS  PERCHLORIC  V^GID 

D.  J.  Sibbett  and  I.  Geller 

INTRODUCTION 

Study  of  the  decomposition  of  perchloric  acid  is  of  considerable 
interest  as  an  example  of  a  reaction  of  the  only  relatively  sta.ble  anhydrous 
oxygen  acid  of  chlorine,  because  of  its  importance  in  the  mechanisms  of 
combustion  and  decomposition  of  perchlorate  s  which  contain  hydrogen  (such 
as  the  hydrazinium  and  ammonium  salt^and  because  of  the  use  of  concen¬ 
trated  solutions  in  combustion  systems. 

Thermal  decomposition  of  perchloric  acid  has  been  examined  in  the 
vapor  phase  between  200°  and  439°C  by  Levy^  who  has  indicated  that  the 
reaction  appeared  to  be 


1 

J.  B,  Levy,  J.  Phys.  Chem. ,  y.,  1092(1962). 

heterogeneous  between  200°  and  350°C  and  homogeneous  in  the  upper  range. 

2-5 

Zinoviev,  Babayeva  and  Tsentsiper  have  examined  the  decomposition  of 

2 

V.  P.  Babayeva  and  A,  A.  Zinoviev,  Zhur.  Neorg,  Khim.  ,  8,  567 
(1963). 

3 

A.  A.  Zinoviev -and  V.  P.  Babayeva,  Zhur.  Neorg.  Khim.  ,  6,  271 
(1961). 

4 

A.  A.  Zinoviev  and  A,  B,  Tsentsiper,  Zhur,  Neorg.  Khim.  ,  4,  724 
(1959). 

5 

A.  B.  Tsentsiper,  Zhur.  Neorg.  Khim.  ,  4,  1086  (1959). 
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anhydrous  acid,  hydrated  systems  and  mixtures  at  temperatures  from  60. 
to  145°C.  The  present  study  is  concerned  with  kinetics  of  the  decomposition 
of  gaseous  anhydrous  acid  in  the  heterogeneous  range  between  165  and  256°C. 
EXPERIMENTAL 
Apparatus 

Because  of  the  extremely  high  reactivity  of  gaseous  perchloric 
acid  to  most  materials,  the  decompositions  were  carried  out  in  carefully 
cleaned  all-glass  vacuum  systems.  A  series  of  glass  by-passes,  capillaries, 
and  break-seals  were  used  in  place  of  stopcocks  in  the  preparation  and 
reactor  sections  to  prevent  the  perchloric  acid  from  coming  into  contact 
with  stopcock  grease.  The  apparatus  was  designed  so  that  the  reaction  was 
followed  manometrically  and  in  some  experiments  it  was  modified  to  permit 
the  measurement  of  chlorine  formation  by  a  photoelectric  colorimetric 
technique  simultaneously  with  measurement  of  total  pressure. 

Manometric  System 

Figure  lisa  schematic  diagram  of  the  apparatus,  which  con¬ 
sists  essentially  of  three  basic  sections.  The  reactor  section  is  shown  within 
the  dashed  lines  on  the  diagram.  The  perchloric  acid  preparation  section  is 
located  a.t  the  left  of  the  reactor.  The  remainder  of  .the  system  consists  of 
various  cold  traps,  a  diffusion  pump,  a  McLeod  gage,  storage  bulbs,  and 
a  differential  Mercury  manometer  equipped  with  a  mercury  valve,  A 
description  of  the  sequence  of  the  operations  involved  in  an  experiment  will 
explain  the  functions  of  the  various  parts  and  the  manometric  technique 
employed. 

To  start  an  experiment,,  a  dry-ice-cooled  mixture  of  three 
parts  of  20%  fuming  sulfuric  acid  one  part  of  72%  perchloric  acid  was  intro¬ 
duced  into  the  apparatus  through  an  opening  at  the  top  of  Section  A.  The 
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quantity  of  the  nnixture  was  limited  to  yield  a  maximum  of  0.  25  g  of  gaseous 
product.  After  cooling  the  HC10^-H2S0^  mixture  to  approxim^ely  -195°C 
by  placing  a  Dewar  of  liquid  nitrogen  around  the  base  of  A,  the  top  of 
Section  A  was  sealed  with  a  gas-oxygen  flame.  The  entire  system  was 

_3 

carefully  evacuated  through  side  arm,  £,  to  approximately  10  tbrr  as 
measured  by  the  McLeod  gage,  J.  The  by-pass,  £,  was  removed,  with 
the  entire  system  still  under  vacuum,  to  seal  the  preparatory  and  reactor 
parts  of  the  system  (Sections  A  to  F)  entirely  within  glass.  The  gaseous 
perchloric  acid  was  prepared  by  removing  the  coolant  from  the  base  of 
Section  A,  and  allowing  the  mixture  to  warm  up  slowly  to  room  temperature. 
This  process  permits  the  dehydration  of  the  72%  perchloric  acid  by  the 
fuming  sulfuric  acid.  The  dehydrated  gaseous  product  was  distilled  from 
Section  A  through  a  drying  bed  of  Mg(C10^)2  located  at  B  into  the  reactor 
by  cooling  the  bottom  of  D  with  liquid  nitrogen.  This  procedure  is.  a 
modification  of  that  of  Smith^  on  a  microscopic  scale.  After  one  to  four 

^  G.  F.  Smith,  J.  Am.  Chem.  Soc.  ,  7^,  189  (1953). 

hours  of  distillation  the  reactor  D  was  sealed  off  at  point  C,  after  first 
refreezing  the  mixture  remaining  in  A.  This  completed  the  preparation 
phase.  - 

After  warming  the  reactor  to  room  temperature  a  silicone 
oil  bath,  made  opaque  by  the  addition  of  carbon  black,  was  raised  (from 
behind  a  plexiglas  safety  shield  by  means  of  a  specially  constructed,  re¬ 
mote  controlled  elevator)  into  the  position  indicated  by  the  dashed  lines 
around  sections  C,  D,  E,  and  F.  The  temperature  of  the  bath  was  con¬ 
trolled  within  0. 1°C.  Manometric  measurements  were  commenced  when 
the  oil  bath  was  in  place. 
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The  system  which  was  used  to  measure  the  pressure  within 
the  reactor,  D,  consisted  of  four  parts:  F,  G,  H,  and  I.  F,  a  glass 
Bourdon  gage  was  employed  t)  close  an  electrical  circuit  when  the  pressure 
above  the  gege  exceeded  that  inside  the  reactor  by  more  than  the  gage 
spring  constant.  Closure  of  the  circuit  through  the  Bourdon  gage  actuated 
a  relay  and  the  solenoid  surrounding  the  mercury  valve  at  H.  The  solenoid 
was  used  to  depress  an  iron  collar  surrounding  a  sintered-glass  air  leak. 
Thus,  completion  of  the  circuit  through  the  Bourdon  gage  raised  the  mer¬ 
cury  level  and  closed  off  the  air  leak.  The  pressure  measuring  system  was 
calibrated  as  a  function  of  pressure  at  operational  temperatures. 

Initial  pressure  measurements  at  the  start  of  the  reaction 
were  obtained  by  recording  the  signal  from  a  pressure  transducer,  indicated 
at  G.  A  recorder  of  20-mv  range  served  to  record  both  time  and  pressure 
during  the  initial  rapid  pressure  changes,  which  occur  as  the  bath  was  raised. 
After  the  rate  of  pressure  change  becomes  relatively  stabilized  meafure- 
ments  were  made  by  means  of  the  differential  manometer,  I,  viewed  through 
a  cathetometer. 

Calibration  of  the  reactor  volume,  which  includes  section  D 
in  Figure  1  and  the  volume  of  the  inner  portion  of  the  Bourdon  gage  and  the 
lower  section  of  the  break  seal  at  E,  was  carried  out  at  the  end  of  each 
operation  after  the  equilibrated  gas  samples  have  been  removed  through 
the  stopcocks  at  R.  The  calibrated  volume  c>f  bulb  N  and  its  stopcock 
served  as  the  standard  for  each  volume  determination.  It  was  carefully 
calibrated  by  weighing  water  volumes  prior  to  the  construction  of  the 
apparatus.  At' the  end  of  each  decomposition  run,  before  removal  of  the 
gas  sample,  the  volume  of  the  glassware  extending  from  the  upper  manifold 
to  the  break  seal  at  E  was  determined  by  expansion.  After  destruction  of  the 
break  seal,  the  volume  (to  the  seal  at  C)  was  determined.  The  difference 
was  the  volume  of  the  reactor. 
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Colorimetric  System 

Figure  2  is  a  diagram  of  the  colorimeter  system  used  for 
monitoring  the  concentration  of  chlorine  in  the  reactor.  The  colorimeter 
operates  independently  of  the  pressure  measuring  system  and,  conse¬ 
quently,  permitted  the  simultaneous  collection  of  both  types  of  data. 

The  reactor  itself  was  designed  in  the  same  manner  as 
described  above,  with  the  exception  that  a  cylindrical  Pyrex  tube  was 
sealed  across  the  top  to  give  a  tee-shaped  container.  Optical  windows  of 
Vycor  were  fused  to  the  ends  of  the  cross-tube.  The  glass  reactor  was 
mounted  in  the  colorimeter  as  indicated,  seals  being  maintained  with 
Viton  O-rings,  These  seals  prevented  any  oil  from  leaking  into  the  tubes 
and  obstructing  the  optical  path.  An  adjustable  front- surface  mirror  was 
mounted  at  each  elbow  to  direct  the  light  beam  through  the  cell.  Mirror 
alignment  was  obtained  by  adjustment  of  a  rack  and  pinion  device  which  ' 
operated  by  means  of  screwdriver  adjustments  from  the  outside  of  the 
opticai  tube. 

The  photoelectric  system  consisted  of  an  ordinary  300  watt 
projection  lamp,  two  collimating  lenses,  a  1,  0  mm  pin-hole,  a  pair  of 
filter  systems,  and  two  1P29  gas-filled  photocells.  The  color  filter  used 
for  chlorine  detection  (Gaertner  Scientific  Corporation,  No.  L541C) 
transmitted  in  the  green  between  4800  A  and  5700  X  with  maximum  trans¬ 
mission  at  5260  X.  Although  its  use  somewhat  decreased  the  sensitivity  of 
the  analysis,  its  transmission  was  outside  the  known  absorption  range  of 
the  chlorine  oxides  which  may  have  transitory  existence  during  decompo¬ 
sition  experiments.  The  spectral  response  of  the  1P29  photocells  was 

judged  satisfactory  in  the  transmitted  range  although  maximum  sensitivity 

o 

occurred  at  approximately  4200  A.  The  circuit  used  for  amplification  and 
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measurement  of  the  output  of  the  opposed  photocells  w^s  similar  to  that 

7 

indicated  by  Hawes,  et.  al.  Both  the  projection  lamp  and  the  amplifier 
7 

R.  C.  Hawes,  R.  R.  Davis,  H.  H.  Gary  and  A.  O.  Beckman, 

Anal.  Chem. ,  503  (1951). 

power  supply  were  operated  from  constant  voltage  supplies. 

In  operation,  after  the  oil  bath  had  been  raised,  signal 

fluctuations  caused  by  the  changing  thermal'environment  were  noted.  To  . 

minimize  these  effects,  constant  temperature  water  was  circulated  through 
condensers  which  jacketed  the  upright  sections  of  the  optical  path.  A  plane 
gr.oiind  plate  of  optical  glass  was  used  to  close  off  circulation  of  hot  gases 
from  the  optical  tube  to  the  detector  photocell.  With  these  modificationSj 
stable  signals  were  obtained  within  a  few  minutes  after  the  oil  bath  was 
raised. 

Calibration  of  the  colorimeter  was  carried  out  using  chlorine 
gas  (Matheson,  99.  85%  minimum  purity)  at  various  pressures  with  the 
heated  oil  bath  in  the  same  position  and  at  the  same  temperatures  utilized 
in  the  decomposition  experiments. 

Utilization  of  the  colorimeter  was  intermittent.  The  amplifier 
was  operated  continuously  during  each  experiment  but  the  air-cooled  light 
source  was  turned  on  for  five  minutes  before  each  reading  while  the  shutter 
remained  clotad.  It  was  found  that  this  period  was  sufficient  to  establish 
stable  signals.  Longer  preheating  periods  did  not  change  the  measured 
readings. 

PHYSICAL  CHARACTERIZATION  OF  THE  PERCHLORIC  ACID  PREPARATION 
For  each  decomposition  experiment,  a  fresh  portion  of  anhydrous 
perchloric  acid  was  prepared.  Although  the  preparation  was  generally  water - 
white  when  prepared  in  a  darkened  room,  some  samples  which  had  been 


-6- 


Report  O372-OIP 

APraiNDIX  C 


exposed  to  light  exhibited  yellow  coloration.  For  purposes  of  characterising 
its  purity,  the  vapor  pressure  of  a  typical  sample  was  measured.  Figure  3 
is  a  plot  of  the  of  the  vapor  pressure  against  the  reciprocal  of  the 

absolute  temperature  from  0°  to  61.  8°C.  The  data  of  these  experiments  has 

g 

been  compared  with  the  measurements  of  van  Wijk  and  Yprlander  and 
von  Schilling'^  at  16.  0°  and  39°C  respectively.  These  data  are  considered 


H.  J.  van  Wijk,  Zeit.  anorg.  Chem. ,  32,  115  (1902). 

q 

D.  Vorlander  and  R.  von  Schilling,  Liebig's  Ann. ,  310,  369  (1900). 
to  compare  satisfactorily. 

The  extrapolated  boiling  point  for  anhydrous  perchloric  acid  as 
obtained  from  these  measurements  is  120,  5°  +  1.  3°C.  Hantzsch^^ "has  ' 


A.  Hantzsch,  Z.  physikal,  Chem,  ,  134,  406  (1928), 


indicated  an  extrapolated'bbiTing  point  of  about  130°C.  The  heat  of  vapori¬ 
zation  as  calculated  from  the  slope  of  the  plot  between  0°  and  61.  8°C  is 
8.13  0.,06  kcal/mole.  No  literature  comparison  appears  to  be  available. 

As  a  further  check  on  the  properties  of  the  initial  material  and  the 
nature  of  the  decomposition  process,  infrared  spectra  were  obtained 
using  a  Beckman  (IR  5)  infrared  spectrophotometer  with  sodium  chloride 
windows.  The  upper  section  of  Figure  4  shows  the  absorption  spectrum  of 
a  typical  preparation  of  perchloric  acid  at  16.  8  torr  using  a  path  length  of 
100  mm.  This  pattern  was  obtained  about  ten  minutes  after  the  gas  was 
evaporated  into  the  cell, 

RESULTS  AND  DISCUSSION 


Results  of  Manometric  Experiments 

The  general  form  of  the  pressure -time  curves  is  shown  below  in. 
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Figure  10  where  the  experimental  points  are  plotted  for  comparison  with  a 
computed  curve.  These  data  have  been  analyzed  for  all  experiments  in 
terms  of  the  established  stoichiometry  of  the  decomposition  reaction: 

2  HCIO^ - — ►  H^O  +  CI2  +  7/2  O^.  (1) 

The  total  pressure,  P  is  related  to  the  initial  pressure  P.  and  the  pressure 

■”0 

of  undecomposed  acid  P^  at  time,  t  by  the  expression 


where  r  is  the  number  of  molecules  formed  per  molecule  of  decomposed  acid. 

On  this  basis,  the  amount  of  perchloric  acid  remaining 

unreacted  was  calculated  as  a  function  of  time  and  the  data  were  analyzed  in 

terms  of  simple  first  and  second  order  kinetic  expressions.  Figure  5  is  an 

example  of  the  first  order  analysis.  The  ordinate,  log  (P^  plotted 

o 

against  time  as  the  abscissa  for  two  initial  pressures  of  perchloric  acid. 
These  experiments  were  carried  out  at  200. 1°C  with  a  surface  to  volume 
ratio  of  1.  6  cm  /cm  .  After  the  initial  140  minutes  the  data  fitted  the 
simple  first  order  analysis  and  pseudo  first  order  rate  constants  (k^)  were 
calculated  for  all  data  from  these  slopes.  An  example  of  the  second  order 
kinetic  test  is  shown  in  Figure  6  for  the  same  experiments.  In  this  case, 
the  ratios  of  the  pressures  of  perchloric  acid  decomposed  to  the  pressure 
of  unreacted  acid,  plotted  against  time.  The  initial  portions 

of  the  data  are  linear  and  these  slopes  have  been  used  to  calculate  second 
order  rate  constants,  kj^.  All  of  the  data  collected  showed  these  character¬ 
istic  linear  relations  between  156  and  265°C  at  initial  pressures  between 
8  and  373  torr  of  HCIO^.  At  the  higher  temperatures,  the  duration  of  the 
second  order  portion  became  increasingly  short,  indicating  that  it  would 
become  undetectible  by  the  manometric  method  at  still  higher  temperatures. 
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Howe,^er,  the  second  order  linearity  remained  valid  to  values  of 

of  2.  0  to  2.  5  regardless  of  experimental  conditions.  Linearity  of  the  pseudo 

first  order  plot  commenced  at  values  of  (P^  equal  to  0.  65  to 

o  -  , 

0.70  and  remained  valid  normally  until  approximately  95%  of  the  acid  was' 

converted.  A  decreasing  slop#  was  noted  as  equilibrium  was  approached. 

These  considerations  formed  the  basis  for  treating  the  two  constants 

independently. 

Effect  of  Surface  on  Reaction  Rates 

Both  rate  constants  were  demonstrated  to  be  extremely 
sensitive  to  the  surface  to  volume  ratios  of  the  pyrex  reactors  which  were 
utilized.  Variation  in  these  ratios  was  achieved  by  filling  the  reactors  with 
carefully  cleaned  pyrex  spheres  of  varying  diameter.  Figures  7  and  8 
indicate  the  relationships  between  the  second  order  and  the  pseudo  first 
order  rate  constants  and  the  surface  to  volume  ratios  for  decompositions 
carried  out  at  200°C.  The  rate  constants  indicated  were  averaged  values 
obtained  at  the  indicated  surface  to  volume  ratios.  Surface  areas  were 
calculated  on  the  basis  of  reactor  geometry  and  the  number  and  diameter 
of  the  pyrex  spheres  required  to  fill  the  reactor  volume.  A  roughness 
factor  of  1.  3  was  used  to  estimate  the  surface  area  of  the  Pyrex  from  its 
geometrically  calculated  value.  Volumes  were  measured  by  gaseous 
expansion  from  previously  calibrated  volumes. 

The  apparent  linear  dependence  of  both  rate  constants  on 
.surface  to  volume  ratios  indicates  that  the  reactions  as  studied  between 
165  and  256°C  are  surface  processes.  In  addition,  the  relationship  suggests 
that  a  meaningful  separation  of  the  rate  constants  has  been  accomplished. 

The  intercepts  on  the  ordinates  of  Figures  7  and  8  may  indicate  the 
simultaneous  existence  o'f  a'gas  phase  reaction.  Unfortunately,  the 
intercepts  may  demonstrate  a  fixed  error  in  the  estimate  of  reactor 
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■urface  areas.  Since  the  total  surface  estimates  varied  between  126  and 
2 

1062  cm  an  accurate  measurement ~of  the  surface  area  by  physical  means 
such  as  gas  adsorption  was  not  attempted.  In  the  absence  of  actual 
measurements  of  surface  areas,  rate  constants  have  been  presented  in 
terms  gaseous  units  at  fixed  surface  to  volume  ratios. 

Measurements  of  Chlorine  Evolution 

In  order  to  establish  that  the  stoichiometric  reaction 
(equation  1)  existed  throughout  the  full  range  of  measurements  and  that 
equation  (2)  is  a  valid  method  for  calculating  the  amount  of  HCIO^  remaining 
at  any  time,  simultaneous  colorimetric  measurements  of  chlorine  and 
manometric  measurements  of  pressure  were  carried  out.  Figure  9  com¬ 
pares  the  observed  chlorine  pressures  with  those  computed  on  the  basis  of 

^Cl,  =  (3) 

where  is  the  pressure  of  the  reacted  acid.  The  points  correspond  to  the 

direct  measurements  of  CI2  pres'sure.  The  line  is  the  predicted  value. 

It  is  evident  that  the  computational  methods  are  supported 

by  these  data.  By  this  demonstration,  consideration  of  reaction  mechanisms 

in  which  the  rate  of  perchloric  acid  decomposition  is'not  proportional  to  the 

rate  of  chlorine  evolution  is  made  unnecessary. 

Computer  Solution  and  Comparison  with  Observed  Results 

Multiple -trial  computations  were  carried  out  using  a 

Runge-Kutta-Gill  numerical  integration  program  on  an  IBM  7090  computer 

system  to  check  the  fit  of  the  experimental  data  with  various  proposed 

reaction  schemes.  The  reaction  scheme  which  gave  the  best  fit  is: 

^1 

2  HCIO^  - = - ►  H^O  +  CI2  +7/2  ©2  (4) 

HCIO^  +H2O  - >  HCIO^  .  H2O  (5) 

^2 

HCIO^'  H2O  - = - y  3/2  H2O  +  1/2  CI2  +  7/4  O2  (6) 
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Let  the  following  letter  designations  correspond  to  the  pressures  of  the 

molecular  species  in  torr. 

A  =  HCIO. 

4 

B  =  H^O 
C  =  CI2 


E  =  HC10_^  •  H^O 

Based  on  the  assumption  that  the  steps  designated  in  equations  (4)  through  (6) 
occur  on  the  glass  surface,  solution  to  the  kinetics  was  formulated  in  terms 
of  the  following  equations: 

.A=2k^A"  +  l.Lfe  (7) 

c  =  B  = -  — y -  (8) 

6=,^...  7/4  A  (9) 

and  =  Aj.  +  Bj.  +  Cj.  +  (10) 

A,  B,  C  and  D  are  the  time  derivatives  of  the  species,  A,  B,  C  and  D. 

(The  existence  of  E  is  limited  to  the  surface  of  the  reactor.  )  P^.,  A^,  B^, 

Cj,,  correspond  to  the  total  pressure  and  component  pressures  at  time,  t, 
K_  is  the  equilibrium  constant  for  the  adsorption  of  some  inhibiting  species, 
presumed  to  be  H^O  on  the  reactor  surface.  Implicit  in  each  of  the  rate 
constants  and  k^  are  equilibrium  constants  as  required  by  adsorption 
considerations.  Two  possible  cases  where  equilibrium  constants  for 
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adsorption  change  the  interpretation  of  these  rate  constants  are  indicated 
briefly  below. 


kj^,  k2  and  Kg  were  obtained  directly  from  experimental 
data.  The  value  for  k^  was  the  numerical  value  obtained  from  the  routine 
second  order  plot  as  indicated  above. 

In  order  to  eplve  for  a  value  of  Kg,  the  second  term  of  the 
overall  rate  equation,  (7)  was  iiitegrated  in  closed  form  independently  of 
the  first  term.  That  is,  the  conversion  of  perc^oric  acid  by  the  second 
process  may  be  expressed  as 


A  = 


k^  AB 


1  +  Kg  B 


111) 


This  may  be  integrated  to 


A  t 

■nrcr—TT 


1  +  A  K„ 
o  B 


In  (AJA) 
In  (A^-A) 


(12) 


This  solution  is  based  on  the  assumption  that  as  (A^-A)  approaches  zero, 


In  (A^-A)  approaches  zero*.  Then,  the  slope,  m  of  the  plot  of  A^t/ln  (A^-A) 


The  same  result  can  be  obtained  by  integrating  between 

A  =  A  -1  and  A  =  (A  -A)  followed  by  the  assumption  that 

(A  -l-)°«-A  . 

'o'  o 


vs  In  (A^/A)/ln  (A^-A)  gives 

m  = 


1  +  A  K„ 
o  B 


(13) 


Using  the  data  from  experiments  at  E00°C  which  have  initial  values  of  the 
perchloric  acid  pressure  ranging  from  136.  4  to  218.  5  torr,  three  slopes  were 
obtained.  A  plot  of  these  slopes  against  the  initial  pressures  of  acid  yielded 
values  for  k2  and  Kg.  The  slope  of  the  latter  plot  provided  an  estimation  of  . 
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the  ratio  The  intercept  was  used  to  evaluate  The  values  ob- 

3 

tained  from  the  data  at  a  surface  to  volume  ratio  of  3.  3  were  k^,  =  1.  04  x  10 

ml/mole-min  and  Kg  =  1.  55  x  10^  ml/ mole. 

For  the  experiment  which  started  at  218.  5  torr  of  perchloric 

2 

acid,  the  rate  constant  for  step  (4)  was,  k^  =  6.  46  x  10  ml/mole-min. 

Using  these  values,  equation  (7)  was  evaluated  using  the  computer  program. 

Figures  10  and  11  indicate  the  results  of  these  computations. 
Figure  10  compares  the  results  of  the  computations  of  the  total  pressure 
(solid  line)  with  the  experimental  points.  Figure  11  shows  the  calculated 
distribution  of  products  during  the  reaction.  The  fit  of  the  data  with  com¬ 
putations  indicate  that  the  data  are  well  explained  in  terms  of  the'three  step 
process,  reactions  (4)  through  (6). 

Examination  of  the  Adsorption  Processes 

The  form  of  equation  (7)  implies  that  a  number  of  adsorption 
equilibria  may  be  involved  in  the  surface  decomposition  processes.  If 
standard  Langmuir  -  Hinshelwood  adsorption  considerations  are  accepted, 
it  follows  that  step  (4)  occurs  by  a  mechanism  in  which  the  perchloric  acid 
is  weakly  adsorbed  and  surface  coverage  is  relatively  slight.  Then,  the 
initial  bimolecular  process,  step  (4)  can  be  described  by  a  rate  equation 
such  as: 

v^  =  2k'^  (14) 

2 

The  experimental  rate  constant,  kj^  =  kj^  K  where  K  is  the  equilibrium  con¬ 
stant  for  adsorption  of  perchloric  acid  on  pyrex.  This  expression  requires 

that  the  obsejrved  activation  energy  for  the  process,  E  be 

^1 

^a  ""  ^  -^HCIO. 

1  4 
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of  HCIO^  and  £,p  is  the  true  ' 
activation  energy  for  the  homogeneous  gas  phase  decomposition  of  HCIO^. 

Two  alternate  possibilities  exist  for  explaining  the  surface 
processes  involved  in  steps  (5)  and  (6).  Either  both  HCIO^  and  the  inhibiting 
reaction  product  which  is  assumed  to  be  H^O,  (1)  compete  for  thesame  sites 
on  the  pyrex  surface  or  (2)  reaction  occurs  between  the  two  adsorbed  gases 
but  the  gases  are  adsorbed  on  two  different  types  of  surface  sites  so  that 
they  do  not  displace  each  other  from  the  surface. 

I 

1.  Competitive  Adsorption 

In  the  case  of  adsorption  of  HCIO^  and  H^O  bn  the 
same  sites,  the  form  of  equation  (7)  implies  that  during  the  second  part  of 


where 


'HCIO, 


is  the  heat  of  adsorption 


the  reaction,  water  is  adsorbed  much  more  strongly  than  HCIO^  alone.  In 
effect,  the  reaction  takes  place  between  a  gaseous  HCIO^  molecule  and  an 
adsorbed  H2O  molecule.  The  rate  expression  for  the  inhibited  reaction  has 


the  form 


KgAB 

'^2  ^  i  +“K„B 


(16) 


This  treatment  does  not  necessarily  assume  that  there  are  no  adsorbed 


HCIO^  molecules,  but  rather  that  the  role  of  any  adsorbed  acid  molecules 
in  affecting  the  rate  of  HCIO^  (gas)-H20  (surface)  reaction  is  through  their 
competition  with  water  molecules  for  the  available  surface  sites.  When 
HCIO^  occupies  a  site  adjacent  to  H^O  a  rapid  combination  to  HCIO^  • 
occurs,  and  the  lifetime  of  HCIO^*  H2O  on  the  surface  is  »  the  lifetime 
of  adsorbed  HCIO^.  Based  upon  these  considerations,  the  measured 
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2.  Non- Competitive  Adiorption 

The  kinetics  of  the  second  step  may  also  be  explained 
in  terms  of  a  reaction  between  gases  adsorbed  on  different  types  of  sites 
so  that  the  gases  do  not  displace  each  other  from  the  surface.  This  type  of 
adsorption  would  give  rise  to  rate  expressions  of  .the  form 

kl  K.K^AB 

V,  >  — S - -  jjgj 

2  (l+K^AXl+KgB) 


If  the  adsorption  of  the  acid  is  small  so  that  1  »  K^A  then 

kl  K.K^AB 

V,  =  ■  - 

2  (1  +  KgB) 


(19) 


The  apparent  and  true  activation  energies  have  the  following  relationship: 

^a^  ^  ^H20  ■  ^HCIO^  (20) 

of  HCIO^  and  the  other  symbols 

have  their  previous  significance. 

Consideration  of  the  data  indicates  that  the  competitive 
adsorption  process  is  more  probable. 

Apparent  Energies  of  Activation 

Figure  12  is  a  plot  of  the  second  and  psuedo  first  order 
rate  constants,  k^  and  k^  respectively  against  the  reciprocal  of  absolute 
temperature  for  data  obtained  at  a  surface  to  volume  ratio  of  1.  4.  These 
data  were  obtained  at  temperatures  between  165  and  256°C.  The  following 
table  summarises  the  terms  associated  with  the  Arrhenius  equation: 

k  =  A  exp(-Ej^/RT)  (■21) 


where 


'HCIO. 


is  the  heat  of  adsorption 
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for  the  twp  specific  reaction  rates  at  surface  to  volume  ratios  of  1.  4  and  4.7. 


Rate  Constant 

Surface /Volume 
Ratio 

A 

Ea 

(kcal/mole ) 

Temperature 
Range  (°C) 

k  (  ) 

*^1  '  mole -min' 

1.  4 

6.  5  X  10^ 

13.4 

165-256 

^1 

4.7 

9.7  X  lo”^ 

12.  3 

200-240 

k2  (min)  ^ 

1.  4 

0 

X 

0 

0 

27.  0 

165-256 

^2 

4.7 

7.  9  X  10^° 

28.  7 

200-240 

When  the  psuedo  first  order  constant  is  treated  as  indicated  above  to 
separate  k^i  the  second  order  rate  constant  and’  K^,  the  equilibrium  constant 
for  adsorption  of  the  inhibitor,  the  following  values  were  obtained  at  a  surface 
to  volume  ratio  of  4.  7 


=  1.  9  X  10^  exp  (-20, 

500/RT) 

(22) 

=  9.  8  X  10^  exp  (-13, 

300/RT) 

(23) 

From  equation  15  and  the  value  of  the  activation  energy  for 

3 

decomposition  of  perchloric  acid,  found  by  Zinoviev  and  Babayeva,  a  value 

...  { 

for  the  heat  of  adsorption  of  HCIO^  on  pyrex  may  be  estimated.  On  this 
basis,  the  estimated  heat  of  adsorption  between  165  and  256°C  is  9.7  kcal 
per  mole. 

Heats  of  adsorption  of  water  on  different  glasses  have  been 

11  12 
determined  by  Rand  and  by  Tuzi  and  Okamoto 


M.  J.  Rand,  J.  Electrochem  Soc.  ,  109,  402  (1962). 

Y,  Tuzi  and  H.  Okamoto,  J.  Phys.  Soc.  ,  Japan,  13,  960  (1958). 


Rand  found  values  between  13.  5  and  11.  6  kcal/mole  on  vycor  as  a  function  of 
coverage.  Tuzi  and  Okamoto  obtained.il  kcal/mole  on  lead  borosilicate  glass. 
These  values  are  in  reasonable  agreement  with  the  13.  3  kcal/mole  estimated 
for  the  heat  of  adsorption  of  the  inhibitor  on  pyrex.  Thus  water  appears  to 
be  the  inhibitor. 
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It  ia  poaaible  to  chooae  between  the  competitive  and  non¬ 
competitive  adsorption  mechaniama  on  the  baail  of  the  activation  energy 
values  for  the  procesaea  represented  by  k2  and  K^.  The  competitive  ad¬ 
sorption  mechanism  for  which  the  relationship  of  equation  (17)  applies  gives 
rise  to  a  value  of  the  true  activation  energy,  s  33,  8  kcal/mole.  The 
non-competitive  mechanism  results  in  an  estimated  value  of  E2  >  43.  4 
kcal/mole.  Thus,  the  competitive  adsorption  mechanism  appears  more 
probable.  The  value  of  33.  8  kcal/mole  compares  satisfactorily  with  the 
activation  energy  of  Zinoviev  and  Babayeva  ,  who  reported  32.  8  kcal/mole. 

It  suggests  that  the  same  rate  controlling  process  m».y  be  Operational  as  was 

13 

found  by  Figini,  Coloccia  and  Schumacher 
13 

R.  V.  Figini,  E.  Coloccia  and  H.  J.  Schumacher,  Z.  Phys.  Chem. 
14,  32  (1958). 


for  Cl20^.  They  obtained  an  activation  energy  of  32,  9  kcal/mole. 

The  Effect  of  Alumina 

A  few  experiments  were  carried  out  to  determine  the  effect  of 

alumina  on  the  decomposition  rate  of  perchloric  acid  at  200*^0.'  The  addition 
'  2 

of  0.  25g  of  AI2O2  (surface  area,  75  m  /  g)  as  a  pellet  in  the  bottom  of  a  pyrex 

2  3 

reactor  which  had  a  1.  4  cm  /cm  surface /volume  ratio  increased  the  second 
order  rate  constant,  kj^  by  a  factor  of  2.  9,  However,  the  psuedo  first  order 
rate  constant,  k2,  remained  unchanged  within  the  experimental  limits  of 
precision.  It  may  be  concluded  that  the  initial  second  order  reaction,  which 
represents  the  decomposition  of  the  anhydrous  acid  was  considerably 
accelerated  in  the  presence  of  alumina.  The  reason  for  the  unchanged  rate 
of  decomposition  by  the  second  reaction  cannot  be  clarified  without  further 
experimentation.  It  is  possible  that  stronger-^adsorption  of  the  inhibiting 
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specie  a  on  '^12^3  glees  is  e  factor.  However,  since  the  reaetdr 

was  not  packed  fully  with  alumina,  the  possible  role  of  diffusion  in  the 
reaction  rate  determination  makes  an  unequivocal  conclusion  impossible. 
Some  Geometrical  Considerations 

The  bimolecular  nature  of  the  initial  reaction  gives  rise  to 
a  number  of  interesting  speculations  concerning  the  form  of  the  activated 
complex  on  the  surface.  Figure  13  shows  the  calculated  dimensions  of  a 
possible  model  which  may  be  similar  to  a  hydrated  Cl-^O^  species.  The 

o 

computations  were  based  on  the  assumptions  of  a  Cl-O  distance  of  _.  69  A 

o 

in  the'ClO^  tetrahedra,  0.  96  A  as  the  H-O  bond  length  in  ■'■'a.ter  a?  J  an 

H-O-H  angle  of  104°30'.  Assuming  reaction  occurs  between  adjacent 

adsorbed  molecules  of  HCIO^,  this  model  requires  that  the  adsorption 
o  o 

sites  be  within  5.  46  A  of  each  other.  A  2.  43  A  minimum  distance  is 

required  for  two  point  attachments  of  the  undistorted  activated  species. 

.In  this  model  it  has  been  assumed  that  two  hydrogen  bonds 

exist  between  the  water  molecule  and  the  adsorbed  Cl^O.^  which  stabilise 

the  configuration.  Figini,  Colloccia  and  Schumacher^^  have  reported  an 

activation  energy  for  decomposition  of  Cl^O.^  of  32.  9  +1.  5  kcal/mole  in 

the  temperature  range  between  100  and  120°C.  The  value  of  33.  8  +  3.  0 

kcal/mole  which  has  been  derived  from  these  data  suggests  that  the  same 

process  may  be  rate  controlling  in  HCIO^  and  Cl^O^  decompositions. 

The  hydrogen  bonding  of  the  water  molecule  to  the  adsorbed 

Cl20.^  which  is  indicated  in  the  model  has  been  shown  to  fit  reasonably 

satisfactorily  into  known  bond  length  requirements.  Using  a  distance 

o 

between  centers  of  the  oxygen  atoms  of  2.  76  A  such  as  is  found  for  water, 

•a  distortion  of  the  HOH  angle  from  104.  5°  to  117.  5°  would  be  required.  If 

the  water  molecule  is  assumed  to  remain  undistored,  the  calculated 

o 

distance  between  centers  of  the  oxygen  atoms  would  be  2.  99  A.  The  strain 

!  -  _  j 
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•nergy  for  distorting  the  0-H-— O  bond  would  involve  only  0. 13  kcal/mole 
according  to  Pauling. 

14 

L.  Pauling  and  R.  B.  Corey,  Fortechr.  Chem.  org.  Naturetoffe, 
11,  180  (1954).  - ^ - 


Thus,  it  may  be  considered  that  such  a  modsl  satisfies  the  geometrical 
requirements  for  a  Cl20,^‘  H2O  activated  state  on  the  surface. 

Reaction  Mechanism 

On  the  basis  of  the  results  indicated  above  the  decomposition 
of  anhydrous  perchloric  acid  appears  to  be  a  surface  catalysed,  consecutive 
step  process  between  temperatures  of  165  and  256°C.  The  initial  step 
appears  to  be 

HCIO^+HCIO^  - . - >  (24) 

The  decomposition  of  the  latter  species  appears  consistent  with  the 

13 

mechanism  suggested  by  Figini,  Colloccia  and  Schumacher  for  Cl^O^. 
However,  the  presence  of  water  is  believed  to  inhibit  the  surface  reaction 
by  competing  more  strongly  for  the  reactive  sites  than  can  HCIO^.  As  the 
concentration  of  adsorbed  water  increases  the  reaction 

HCIO^  +  - ►  H^O.  HCIO^  (25) 

forms  a  relatively  more  stable  species  than  the  anhydrous  acid.  The  decom¬ 
position  of  the  monohydrate  is  believed  to  continue  until  all  of  the  species, 
HCIO^  is  exhausted.  It  appears  possible  that  a  relatively  minor  part  of  the 
decomposition  proceeds  by  a  gas  phase  reaction  under  the  conditions  Of 
these  experiments. 
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COMPARISON  OF  COMPUTED  AND  EXPERIMENTAL  PRESSURES 


Figure  10 
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ON  THE  EXTINCTION  OF  OPPOSED-JET 
DIFFUSION  FUMES: 

A  PHrSICAL  CRITERION  FOR  EXTINCTION 
By 

R.  F.  Chaiken 
Technical  Consultant 
Aerojet-General  Corporation 
Sacramento,  California 

I..  INTRODUCTION 

The  extinction  of  opposed- jet  diffusion  flames,  which  were  first 
investigated  by  Potter  and  his  colleagues, and  the  Spalding  theoretical 
treatment  of  the  phenomena^^^  have  demonstrated  the  potential  usefulness  of 
the  extinction  process  as  a  means  for  determining  chemical  reacts  Da  rates 
in  flames.  In  the  studies  by  Potter  et.  al.,  the  technique  involves  the 
extinction  of  flames  which  have  first  been  stabilized  in  the  impingement 
zone  between  two  opposed  gas  jets,  one  of  which  contains  fuel,  and  the 
other  oxidant.  Such  flaunes  exhibit  a  well  defined  "Apparent  Flame  Strength" 
or  maximum  mass  fl\]x  which  can  be  burned  along  the  axial  direction.  Gas 
flow  rates  which  exceed  this  "Apparent  Flame  Strength”  (referred  to  here¬ 
after  as  AFS),  results  in  extinguishment  of  the  axial  portion  of  the  flame 
and  its  reestablishment  in  a  region  encircling  the  gas  jet  impingement 
zone. 

According  to  the  Spalding  theoretical  treatment,  the  AFS  should  be 
directly-proporVional  to  the  volumetric  rate  of  chemical  reaction  at 
extinguishment,  and  hence,  the  pressure  dependence  of  the  AFS  should  be 
the  same  as  the  overall  .ordw  of  the  chemical  reactions  giving  rise  to  the 
flame.  These  conclusions  appear  to  have  been  reasonably  well  verified  in 
flame  studies  with  propane-oxygen^^^  (reaction  order  -  2.0),  ammonia-oxygen^^) 
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(reaction  brder  »  1*7) >  anii  anaonla-nltrogen  dioxlde^^^  (reaction  order  ■  2«5)» 
Unfortunately,  the  Spalding  Theory  requires  prior  chenlcal  kinetic 
knowledge  (or  assuaptlons)  about  the  flaae  reactions  In  order  to  relate 
q^ntltatlvely  AFS  data  with  the  maximum  voluoiitric  reaction  rate  at 
extinction.  Thus,  It  is  difficult  to  Interpret  c(Mnparlsons  between 
estimates  of  flajss  reaction  rates  obtained  by  the  opposed- Jet 
technique  and  those  obtained  by  other  methods  (e.g.,  from  laminar  flams 
speed  data). 

Recently,  Pandya  and  Weinberg^^)  have  studied  the  Internal  structure 
of  flat  opposed- jet  diffusion  flames  between  ehtylene  and  axygen  utilizing 
jet  flow  rates  far  less  than  the  AFS  for  this  system.  In  connection  with 
the  aerodynamic  structure  of  the  impingement  zone,  these  investigators  found 
two  types  of  flow  patterns!  (l)  when  the  flame  zone  is  displaced  from  the 
center  of  the  aerodynamic  system,  a  single  plane  (the  stagnation  plane) ’ 
exists  across  vdiich  no  particles  can  cross.  Here,  the  flame  zone  is  fed  by 
both  convective  and  molecular  diffusion  of  reactant |  and  (2)  when  the  centers  ^ 
of  the  flame  and  aerodynamic  systems  are  made  to  coincide,  two  stag¬ 
nation  planes  exist  across  which  no  particles  can  cross.  In  this  case,  the 
flame  zone,  which  is  bounded  by  the  two  stagnation  planes,  is  fed  reactants 
solely  by  molecular  diffusion. 

It  Is  believed  that  the  change  in  reactant  flow  rate  process  with 
different  positions  of  the  flame  reaction  center  (relative  to  the  aerodynamic 
center)  offers  a  possible  physical  criterion  for  the  extinguishment  of 
opposed- jet  diffusion  flames.  It  Is  the  purpose  of  this  paper  to  describe 
this  physical  criterion,  and  to  demonstrate  how  it  can  be.  .utilized  in 
conjunction  with  the  Spalding  treatment  of  the  mixing  of  opposed- jets  to  obtain 
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a  quantitative  relationship  between  APS  and  chealcal  reaction  rate. 

This  new  approach  leads  to  results  similar  to  those  obtained  bgr  Spalding 
and  does  not  require  prior  detailed  chemical  kinetic  knowledge  about  the 


flame. 

il.  SmiDING  THEORT  OF  MIXING  IN  OPPOSED  JETS 

The  aerodynamic  model  considered  by  Spaldlng^^)  Is  based  on  the 
impingement  of  two  opposed  Invlscld  gas  Jets  of  equal  strength  on  a 
thin,  infinite  plate  held  perpendicular  to  their  axes  (see  Figure  1). 

The  following  conditions  were  assumed: 

(1)  Stationary-state  one-dimensional  flow  in  the  axial  direction. 

(2)  The  one-half  thickness  of  the  impingement  region  (i.e, 
distance  along  the  axis  measured  from  the  aerodynamic  center)  is  less  than 
0.1  times  the  jet  diameter. 

(3)  The  diffusion  coefficients  of  all  molecular  species  are 
eqml  at  any  point  along  the  axis. 

(4)  The  product  of  the  square  of  local  gas  density  and  the 
diffusion  coefficient  is  a  constant. 

For  the  purposes  of  this  paper  it  will  suffice  to  just  state  some 
of  Spalding's  results,  viz. 


f  =  (i) 


1  +  erf 


df  _ 

U 

i 

l*YT^ 

dT 

£ 

(1) 

(2) 


and,  V  =  -  U  I/tq 

where  f  »  fraction  of  mass  in  the  local  mixture  which  is  derived  from 
the  fuel  bearing  jet. 
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7  «B  transformed  coordinate  related  to  distance  along  the  axis 
(y-direction) ;  I  m 

P  -  local  density  ° 

"Y  ^  local  exchange  coefficient  (eqiial  to  the  product  of  the 
local  density  with  the  diffusion  coefficient. 

U  B  Initial  axial  velocity  of  the  Jet 

V  B  axial  velocity  of  the  Jet  at  point  y 

B  radius  of  Jet 

subscripts  +oorefer  to  conditions  at  y  “  +  00 
(the  fuel  Jet  is  taken  as  originating  at  y” ■  +O0  , 
and  the  oxidant  Jet  at  y  »  _oo). 


The  relationship  between  f  and  the  c(»iposltlon  of  the  local  sdxture 
can  be  readily  derived  from  the  following  considerations.  Let  the  reaction 
stoichiometry  be  independent  of  y,  and  such  thatO(/((X+  1)  gn  of  oxidant 
reacts  with  l/((X^  1)  gn  of  fuel  to  give  1  gm  of  products.  Then  the  mass 
in  the  local  mixture  which  is  derived  from  the'  fuel  Jet  is 


%  “  "fu  ■*"  **inf  u 


a*  1 


where  »  total  mass  from  fuel  Jet 
B  nass  of  fuel 

-  B  mass  of  inert  from  fuel  Jet 
infu 

B  mass  of  reaction  products 
likewise  for  the  total  mass  from  the  oxidant  Jet, 


(*) 


i 


Now  since  the  diffusion  coefficients  of  all  species  are  the  same,  Hj^xifuAlry 
and  **jLnax'^OK  independent  of  y.  Also,  Mp  =  0  at  y  »  ±oo  ;  =  0 

at  y  B  00 ;  and  “fu-0  at  y  B  .oo  ,  Normalisation  of  the  component 
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msMs  to  the  totel  nees  present  (l.e.  +  M^)  leads  erentiially  to 

Mfu  -  Mox/CX-*-  "kac.  -go  /(X 

“fu,oo  ■*■  ®ox, —on /O^ 

where  the  m's  refer  now  to  conponent  mass  fractions,  and  the  4 CX> sub¬ 
scripts  refer  to  initial  values  before  mixing  of  the  Jets  (i.e.,  at  7  » 

±00). 

In  anticipation  of  the  discussions  to  be  presented,  it  is  of  interest 
to  determine  the  relationship  between  f  and  mf^  under  the  limiting  condition 
of  infinitely  fast  reaction  occurring.  In  this  case,  oxidant  cannot  exist 
in  regions  >diere  fuel  exceeds  its  stoichiometric  value;  likewise  fuel 
cannot  exist  in  regions  where  oxidant  exceeds  its  stoichiometric  value. 

Thus,  m^  =  0  for  m  >0;  m^  =  0  for  m^^  >0,  and  the  expression 
for  f  on  the  fuel  Jet  side  of  the  flame  front  is 

j  fuel  ^  “^fu  °‘ox,  -00 

m_  +  m  /Q( 

fu,oo  ox,  -00 

Also,  the  position  of  the  flame  front  (locus  of  stoichiometry)  is  determined 


by  f(mf^  -  0;  m^  “  0)  or 

•p  _  “ox,  -00  /  (X 

•t  --  . - TT  ,  (8) 

“fu,oo  ^  “ox, 

Equation  (8)  in  conjunction  with  Equation  (1)  can  be  solved  for 
the  position  of  the  flame  front  in  the  transformed  axial  coordinate  system, 
T,  i.e., 

•rt  (r,}/Poo  -1  (9) 

It  is  noted  that,  since  erf  (+  |xj  )  =+  erf(  |xl  ),  Equation  (9)  indicates 
that  ^  *  constant  for  a  constant  flame  stoichiometry.  .Hence 

as  the  Jet  velocity  U  increases,  decreases,  and  the  flams  front  is 
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•stabllshad  closer  to  the  stagaation  plans  (at  T  «  0) .  This  can  also  bs  sssn 
froB  Figurs  2*  which  shows  the  wsriation  of  T''teoO/2‘2pro  TS  f. 

Row  the  fuel  flow/unit  arsa/tinit  tijM  along  j  is  giTsn  in  genoral  bgr 
the  sm  of  ths  diffusion  and  comrsetive  flux,  i.s., 

~7(da^/d7)  (10) 


or  froB  Equation  (3)  and  ths  definition  of  ths  transfomsd  axial 
coordinate,  T, 

(da  /dl)  (11)** 

^  *-o  ^  Poo 

From  Equation  (ll) ,  it  is  noted  that  the  comrectlTS  flw  (given  by 

the  first  term)  is  zero  at  the  stagnation  plans  (T  -  0)  as  well  as  at  points 

in  the  flame  tdiere  m.  =  0. 

fu 

In  the  case  of  infinitely  fast  reaction,  Equations  (2),  (7),  and  (ll) 


yield  the  following  expression  for  the  fuel  flux  into  the  flaae  front. 


(a,  +  a„  _  /(X  ) 

fu,ao.  “O® 


(12) 

.  ZTTrJe  •» 


or  in  terms  of  Spalding's  diaensionless  quantities 

1  .0 . 

.  “fu,«»Poo."J  L 

»'***■•  Q  St  “  ”tp[ftBUI^,fc/2 

TT^  (l-fet> 


*  Taken  frea  Rpaldlng's  japer  (Reference  4). 

**  A  negative  Tslue  of  fuel  flux  Implies  a  fuel  flow  towards  y  -  -^00; 

hence.  Equation  (11)  is  written  in  the  sense  of  fuel  flow  into  the  fleas 
front  for  values  of  I  on  the  fuel  Jet  side  of  the  flaae. 
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Th«  lliwar  term  In  brackets  on  the  left-hand  side  of  Equation  (13) 
le  equal  to  the  maee  ra^  of  fuel^  burned  per  unit  area  of  flame  dlTlded  bgr 
the  mass  flow  rate  of  fuel  per  unit  area  of  fuel^tbe^iring  Jet.  The  square 
root  term  Is  a  Peclet  number  for  the  Jet.  In  this  form,  it  is  more  clearly 
seen  that  the  fuel  reaction  rate  for  infinitely  fast  reactions  is  independent 
of  the  local  transport  properties  of  the  gas  mixture  in  t^  region  of  th# 
flame. 

III.  FIMITB  CHEKICAL  REACTION  RATES 

A.  DESCRIPTION  OF  THE  FUME  ZONE 

In  the  previous  section,  the  flame  cone  for  infinitely  fast 

!  •'  - 

reaction  rates  was  represented  as  a  plane  of  zero  thickness  at  f  «  f^^  (see 
Equation  8) .  In  the  model  to  be  considered  in  this  section,  it  is  assumed 
that  finite  extent  in  the  axial  direction  which  can  be  approxiaated  by  a 
definite  reaction  zone  of  thickness  6  (see  Figure  1).  It  is  fxirther  assumed 
that  this  reaction  zone  is  centered  STonetrically  with  respect  to  chemical 
reaction  rate  on  the  plane  corresponding  to  ^  In  this  connection,  it 

is  noted  that  Pandya  &  Welnberg(^)  found  the  profile  of  heat  release  rate  in  th* 
ethylene-oxygen  opposed-jet  -flat  flame  to  be  highly  synmetrical  about  the 
flame  center  (peak  value).  This  sya&etry  existed  even  )dien  the  flame  was 
positioned  at  some  distance  from  the  aerodynasdc  center  (within . the  .gas- 
jet  impingement  zone) . 

Now  the  simple  mixing  theory  of  Spalding  pz^lcts  that  a  single 
stagnation  plane  (at  the  aerodynamic  center,  y  >>  0)  should  occur  for  all  values 
of  7  4.  •  However,  Pandya  and  Weinberg  found  that  this  conclusion  is 

valid  only  when  the  flame  zone  does  not  coincide  with  the  aerodynamic  center. 
When  these  regions  do  coincide,  the  flame  apparently  behaves  as  a  weak  gas 
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■ouret  which  ppllti  the  clnclc  ctcfactlon  plane  into  two  piano*  aerMO  irtiioh 
no  partielos  can  erooa  bjr  eonvoetivo  flow.  Fron  ^oso  exporinontal  rocnltoj 
it  can  be  inforrod  that  undor  conditions  of  flow  or  stoichloaotry  ' 
whore  the  flaps  sons  is  positioMd  awaj  fron  the  aerodynsnie  conter,  at  least 
one  of  the  repetants  will  be  fed  into  the  flans  reaction  sons  (l.e.  in  tho 
direction  of  the  flaps)  tfF  both  dlffbsiTe  and  convectlTe  flow.*  llowoTer, 
when  conditions  prevail  idiore  the  flaae  reaction  sone  and  the  atPbdjhsale 
center  coinci^e^  the  appearance  of  two  stagnation  pianos  will  result  in  ths 
flaps  reaction  sone  being  fed  both  oxidant  ^uad  fuel  solely  by  di^fnoies  flew* 
B.  THE  EXTIHCTION  CRTTERIDN 

In  view  of  the  above  cesnaents,  it  is  now  possible  to  develop  a 
physical  criterion  for  the  extinction  of  opposed- jet  diffusion  f lanes.  Firitf 
consider  a  flame  cone  tdiose  center  at  y  ■*  y,^  is  initially  displaced  frcoi 
the  aerodynamic  center  at  y  *  0  by  distance  greater  than  6/2,  which 
deftnitlm  is  the  half  thickness  of  the  effective  chesd.cal  reaction  sene » 

Fron  the  relationship  between  y,^  and  i.e.., 

( P/PJ^  (M) 

and  the  relationship  between  and  jet  velocity  (see  Equation  9),  it  is 
soon  that  as  the  jet  velocity  U  increases,  decreases,  and  thi-  flaps 

center  will  approach  the  single  stagnation  plaM  at  I  **y  «  0. 

“> 

For  the  case  depicted  in  Figure  1,  oxidant  is  fed  into  the  flaps  reaction 
sone  by  both  diffusive  and  convective  flow,  and  fuel  by  diffusive  now 
alono.  The  reverse  situation  would  hold -for  a  flaps  positioned  on  ths 
fuel  side  of  the  aerodynanic  center. 

**  In  Figure  1,  t^  initial  flaps  sone  is  positioned  on  the  negative  y-axls, 
hence,  7,*'^- 6/2.  If  the  initial  flan*  wore  postloned  on  the  positive 
F-axi»,  thro  y,t^+6/^* 
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Now  consider  an  increase  in  U  to  a  value  where  |7st  |  *  0/^» 
Then,  any  further  increase  in  U  will  cause  the  finite  flams  zone  to 
envelop  the  single  stagnation  plane  at  the  aerodynamic  center.  In  acoordanoe 
with  the  findings  of  Rzndya  and  Weinberg, it  might  be  Supposed  tlmt 
under  these  flow  conditions  the  single  stagnation  plane  will  be  split  into  two 
stagnation  planes  such  that  the  rate  of  reactant  flow  into  the  flame  zone 
suddently  decreases.  This  decrease  in  reactant  flux  will  be  associated  with 
the  sudden  change  from  a  cosibined  diffusive  and  convective  flow  process 
to  a  solely  diffusive  process. 

Now  while  the  rate  of  chemical  reaction  (and  therefore  rate 
of  heat  release)  within  the  flame  zone  must  suddenly  decrease  when  y^^ 
■^6/2,  there  shooild  be  no  drastic  change  in  the  rate  of  cooling  of  the 
flame  reaction  zone  due  to  radiation  and  heat  conduction  to  the  environment.  ‘ 

V  . 

Hence,  it  might  be  expected  that  the  sudden  appearance  of  two  stagnation 
planes  coxild  result  in  complete  and  sudden  extinction  of  the  axial  portion 
of  the  flame.  This  physical  criterion  for  extinction  would  lead  to  an 
"Apparent  Flame  Strength"  (^•*•*^30 ^ich  is  determined  by  the  value 
of  U  for  which  y^^  »  6/2,  or 

I  »  e|  _ ^6/2  /  ^  \  j  A  i  ^  k\ 


where  £  *  1  7 


^st^  (p/Ax,)*^! 


The  above  expression  combined  with  Equation  (9)  with  T 


and  U  «=  define  the  physical  extinction  criterion. 

C.  RELATI0I6H1P  BETWEEN  AFS  AND  RATE  OF  CHEMICAL  REACTION 

Now  the  mass  flux  of  reactants  into  the  flame  zone  at  any  time 

til'  he  the  yiuX|  nassinif  the  planes  at  y  ^  (3/2  idiich  define  the  effective 

8X»  " 
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boundaries  of  the  ehesdcal  reaction  zone.  For  the  case  of  fuel  flux  into  the 
flaae  depleted  In  Figure  1,  this  will  be  given  by  Equation  (ll)  evaluated  at 
Tf(y)  ■  ^^Fst  However,  at  extinetlon  •  ■^  6/2»  h— ••  I  ■  0, 

and  Equation  (11)  slnply  becomes 


“^|y 


lu  -  u 


The  jpvLdlent  of  fuel  mass  ratio  at  I  «  0  Is  readily  evaluated 
from  Equations  (2)  and  (6),  since  It  Is  reasonable  to  ejqmet  that  there  Is 
little  oxidant  (i.e.  =*  0)  at  the  flasM  boundary  facing  the  fuel  Jet 

(likewise  -  0  at  the  flame  boundary  facing  the  axldant  Jet) .  For  these 


conditions,  the  mass  flux  of  fuel  into  the  flams  Is  a 


,  and  Equation  (16) 


can  be  written  as 


A. « -  <w  --- 

I 

where  the  absolute  quantity  of  signifies  that  the  flux  Is  Into  the  flame 
zone.  It  should  be  noted  that  the  AFS  {^•«•^RoV^xO  depends  on  the  flame 
stolchloBwtxy  through  Equation  (9)  which  states  that  Is  a  constant  that 

is  established  by  the  value  of  At  the  point  of  extinetlon  this  fact  can 

be  represented  by^the  following  expressions: 

(T.**)^-g2  (18) 


i  .6/2 


r  n  „ 

.  f  (p/p^f 

L  27i  J  ^ 


Here,  C  Is  a  positive  constant  which  depends  only  on  the  flams  stoichiometry 


and  not  cm  Jet  velocity  or  flamd  position  al«ie. 
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Row  In  tenu  of  &  kinetic  treataent  of  the  rate  of  flaiM, 
reaction*,  it  ie  coneidered  that  the  overall  reaction  coneiete  of 
Fuel  +  Oxidant - ^  producte  -f  heat 

with  a  oaea  rate  of  reaction  of  fuel/uiiit  voluie  of  flaae  lone  taj 

“ ‘S- '^fu  "fu  ^20) 

tdiere  Hj.  volunetrie  maee  rate  of  reaction  of  fuel.  la  a  fiindtlon 

of  tenperature  and  time  through  the  teaperat&e  dapehddhcc  of  k 
and  the  tine  dependence  of  n^  and  n^  ^ 

kj,  *  apecifie  reaction  rate  constant 

=  molecular  weight  of  fuel 
fu 

n.  =  mole  concentration  of  fuel 
fu 

n  -  mole  concentration  of  oxidant 
ox 

a+b  <■  overall  order  of  the  reaction 

Effecting  a  mass  balance  in  the  opposed-^et  geometry  between, 
the  rate  of  reaction  of  fuel  in  the  flame  sone  and  the  rate  of  flow  of  fdel  into 


the  flame  zone,  it  is  found  that 

«  averaged  "effective"  voluieetric  mase  reaction  rate  in  the  flam* 

zone. 

Thiie,  combining  Equations  (17)  and  (21),  it  is  seen  that  the 
effective  volumetric  reaction  rate  at  extinction  is 


From  Equation  (19) ,  6  Ib  related  to  the  AFS  through  the  constant 
C,  hence  the  above  expression  serves  to  relate  the  maximum  effective  volumetric 
reaction  rate  to  the  AFS.  However,  in  order  to  evaluate  R^,  from  AFS  data, 
it  1*  necessary  to  determine  6  expllcity  as  a  function  of  AFS,  bgr  evaluating 
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the  integral  of  Iqoatlon  (19).  In  eseenee,  this  inquires  eTslnating  the 

relationship  between  the  real  axial  coordinate  j,  and  the  transfonsad 

axial  coordinate  T  through  the  flaae  zone  (see  Equations  14  and  15)  •  Vhile  ^e 

exact  evaluation  of  this  relationship  would  require  priori  knowledge  of  the 

temperature  profile  through  the  flame  done,  it  le  possible  to  show  that 

[t  *1  >)86where^is  a  constant  and  should  be  a  relativelj  good  approximation 


to  the  integral. 

Expreasipg  the  local  gas  density  in  terms  of  the  perfect  gas 
law  and  assuming  \miform  pressure  throughout.  Equation  (15)  can  be  written  as 


R  00 


St  'o 


where  R  /R  is  the  ratio  of  the  gas  constant  applicable  to  the  fuel  Jet  to 
that  applicable  to  the  local  mixture.  This  ratio  should  be  far  less  sensitive 
to  ^rlation  than  Too/T.  Hence  for  many  flame  react  ions  of  interest,  it  is 
reasonable  to  consider  Rop/kisR/R^^,  where  R^^  is  the  gas  constant  applicable 
to  the  flame  reaction  products. 

Now  from  the  Rosenthal  treatment  of  moving  heat  source8,’(7) 
it  can  be  expected  that  the  real  temperature  profile  can  be  approxlaated  by 


an  expression  of  the  form 


where 


Tst-  1 
Tcd 


■  exp  -b(  6/2-£) 


!st^ 


oxp(-b6/2)<^ 


(24a) 


(24b) 


Here,  and  Tgg  are  the  temperatures  at  the  flame  center  and  initial  fUel 
Jet  respectively;  b'ls  an  adjustable  constauit  with  a  minimum  va\ias  such  that 
TCT^at^-O. 

Substituting  T  (£  )  from  Equation  (24a)  into  Equation  (23),  evaluating 
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the  tntegrftl,  and  then  applying  the  condition  of  Equation  (2Ab)  yieldi 

R-  r6 


at 


R 


'at 


[4  -f  H^)] 


(25) 


For  noat  flames  of  interest  In  (Tg^/T«o)  will  be  Teiatlvsiy  constant 
with  a  value  of  and  b  will  have  some  value  greater  thnn  lO/j^ln  order 
to  satisfy  Equation  (2Ab) .  Therefore,  it  is  easily  seen  that  the  relationship 


St 


■^6 


(26) 


should  be  reasonably  valid  since  at  most ^  would  be  expected  to  vary  between 
0,23  and  0.5,  In  view  of  the  uncertainties  in  other  constants  (e.g,,  averaged 
transport  coefficient),  it  should  be  adequate  to  consider^  as  having  a 
constant  value  of  2/5.  Using  this  value  ofjQ,  Equations  (26)  and  (19) 
yield 


)  o 


(27) 


which  when  conibined  with  Equation  (22)  yields  as  a  final  exprossion  for 
relating  effective  maximum  volumetric  reaction  rate  to  APS: 


Rr  nax  °  [dL^.g.3£t,  1  (28) 

*  Rst  577^  ro 

Since  C  is  determined  solely  by  the  flame  stoichiometry  throu^  Equations  (8) 
and  (9),  Equation  (28)  allows  Rr,max  ^  calculated  from  AFS  and  f^^ 
data  alone.  Also,  in  keeping  with  the  Spalding  Theory,  Equation  (28)  implies 
that  the  —  AFS  relationship  does  not  depend  upon  transport  properties 

in  the  flame. 


It  is  perhaps  worthwhile  to  point  out  that  the  above  expression 
has  been  derived  for  a  flame  %diich  is  initially  positioned  on  the  oxidant 
side  of  the  aerodynamic  center  of  the  Jets  (i«e*,  y  <0),  hence  the 

8  w 
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gas  constant  E«o  refers  to  the  fuel  Jet.  Due  to  the  syasietry  properties 
of  the  flaM,  Equation  (2d)  will  also  be  valid  when  the  initial  flsMS  is 


positioned  on  the  fuel  side  of  th«  aerodynamic  center  (l.e.,  however 

in  this  case  will  be  the  gas  constant  applicable  to  the  cocldant  Jet. 

This  arises  from  the  method  by  idiich  Equation  (15)  was  evaluated. 

n.  GOMRARISON  WITH  SPAIDIMG^S  APPROXIMATE  THECRY  FOR  FINITE  cmumkl. 
REAGTIOMS  ^  - - ■ 

A.  THE  REUTIONSHIP  BETWEEN  REACTION  RATE  AND  APS 

Spalding's  exact  theoretical  treatment  of  finite  chemical 

reaction  rate  in  the  flame  zone^^)  involves  numerical  solutions  of  the 

differential  equation  in  the  “fu-^  plane  for  conservation  of  the  fuel  species. 

It  is  this  exact  treatment  which  requires  a  priori  chemical  kinetic  knowledge 

(or  assumptions)  concerning  the  flame  reactions.  However,  for  high  activation 

energy  reactions,  Spalding^^^  showed  that  it  is  possible  to  en^loy’  tixe 

Zeldorich^^^-Spalding^^)  approximation  to  evaluate  the  conservation  equation 

in  closed  form;  thereby  obtaining  an  analytic  relationship  between  APS  and 

chemical  reaction  rate.  This  relationship  can  be  written  as 


[  ^^ext  1  Pfu 

'■  o  T.  J  9  m 


2  r, 


(29) 


^St 

Here,  local  maximum  rate  of  reaction  of  the  fuel 

in  the  flame  zone  Just  prior  to  extinction  and  is  the  effective  average 
value  of  the  ratio  of  local  reaction  rate  to  the  reaction  rate;  (i.e;. 

In  the  high  activation  energy  approximation,  Spalding  found 
yto  vary  between  l/3  and  1/6;  hence,  he  assumed to  have  a  constant 
value  of  1/4.  The  ratio was  assumed  to  be  given  hy  the  initial  gas 
Jet  density  and  the  density  of  the  reaction  products  at  complete  reaction, 

A  quantitative  comparison  between  Spalding's  APS-reactlon  rate 
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expreaslon  and  that  given  by  Equation  (26)  Is  not  readily  discerned  since  the 
former >  expression  relates  AFS  to  the  local  maximum  reaction  rate  while  the 
latter  expression  relates  AFS  to  the  average  effective  naximium  reaction 
rate  (i.e.,  « 

However,  since  ^  defined  for  the  flame  xone  depicted 


in  Figure  1  by 

^,Bmx  *  ^ 

0 


(3G) 


where  R.  is  the  local  reaction  rate  and  the  asterlk  refers  to  conditions  within 
r 

the  flame  zone  just  prior  to  extinction,  it  is  readily  seen  that  for  thin 
reaction  zones  (i.e.,  high  activation  energies),  should  be  approximately 

equal  to 

Fig\ire  3  shows  a  comparison  of  reaction  rates  calciiLated  from 
experimental  AFS  data  several  using  both  equations  (28)  and  (29).  It  is 
evident  that  both  expressions  yield  similar  results. 

In  any  case,  both  expressions  predict  that  the  AFS  should  be 
directly  proportional  to  the  chemical  reaction  rate,  and  to  the  jet  diameter. 
Since  the  reaction  rate  is  proportional  to  the  pressure  raised  to  a  power 
equal  to  the  overall  reaction  order  (see  Equation  20),  the  AFS  will  likewise 
be  proportional  to  the  same  power  of  pressure.  Thesfr-pradlctions  are  consistent 

(35)  " 

with  theaxperimental  data.  * 

B.  THE  RELATIONSHIP  BETWEEN  AFS  AND  LAMINAR  FLAME  SPEED 
(4)  '  -  ' 

Spalding  extended  his  approximate  theoretical  treatment 
(i.e.,  the  high  activation  energy  approximation)  to  derive  a  relationship 
between  the.  AFS  of  opposed- jet  diffusion  flames  and  the  laminar  flame  speed 
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of  prenixed  gaseous  diffusion,  flames.  correspondi.ng.  to  the  s^une  stoichiometry 
(l.e.«  laminar  flame  speed  for  such  a  stoichiometric  gas  mixture 


is  glren  by  the  expression 

[“fU,^^8tG]^  “ 


(31) 


where  0  is  the  mass  flux  normal  to  the  laminar  prenqxed  flame  tdilch  is  pro¬ 
pagating  steadily  through  a  homegeneous  stoichiometric  mixture  of  fuel  and 
oxidant.  G  relates  directly  to  the  flame  speed  through  the  expression 

G  =  /^mSu  (32) 


where  is  the  initial  density  of  the  reactant  gas  mixture  and  S^  the  lamituur 
flame  speed. 

Evaluation  of  the  integral  of  "EquaTilon  31  in  terms  of  the 
parameter  led  Sp^ulhg  to  predict  a  quadratic  dependence  of  APS  on  laminar 
flame  speed j  vis.. 


(33) 


Now  in  the  present  theoretical  treatment,  the  APS  can  be  related 
to  G  through  Equation  (30),  vdiich  defines  R..  n,ny.  Due  to  the  flame  zone 


symmetry,  this  definition  can  also  be  written  as 

2 


R. 


r>max 


6  I 


“fu,,o^st 


Rr  dm 


(34) 


7I,(dmf^/dI)* 
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Here,  the  lower  limit  of  the  integral  corresponds  to  -(5 

upper  limit  to  -6/2),  thus,  the  integration  pecure  over  that  portion  of 

the  flame  zone  which  faces  the  oxidant  Jet. 

When  the  flame  zone" in  the  region  of  interest  is  relatively  thin, 
a  linear  relationship  between  m^^  and  Y  should  be  a  reasonable  approKln^tlon. 


Therefore,  (dm^^/dY)  can  be  replaced  by  a  constant  given  by 


(dmf^/dY)  °fu,««>  ^st 


‘■st 


(35) 


Under  this  condition.  Equation  (34),  when  combined  with  Equation 

(31),  becomes 

/^R  r  7^®fu,«o  ^st  1  /  «  ^\2 

U  r,inax[ - ^ - —  J  -  (mf^,*,  f ^^G) 


st 


making  use  -of  the  previously  derived  expressions  for  6^11, max  1  ^st^ 
finally  yields 


(M, 


^u,  - 


(37) 


“fu,, 


st 


Thus,  the  use  of  the  physical  extinction  criterion  also  leads  to 
a  quadratic  dependence  of  APS  on  laminar  flame  speed. 


(i.e.,  the  term  in  the  square  bracket)  is  a  function  of  f  .  ;  hence.  Equation 

8  w 


(37)  could  be  considerably  different  from  Equation  (33). 

To  demonstrate  this  point,  the  ratio  formed  by  dividing  the 
right  hand  side  of  Equation  (37)  by  the  right  hand  side  of  Equation  (33)  is 
plotted  vs  fg^  in  Figure  4.  It  is  readily  seen  that  near  ceirtaln  values  of 
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^st*  Spaldlxig  proportionality  factor  could  be  orders  of  magnitude  greater 
than  that  given  by  the  present  treatment.  The  zero  value  of  the  ratio  at  f^^ 

0  and  1.0  simply  reflects  the  fact  that  the  proportionality  factor  of  £q\iatlon 
(37)  approaches  zero  faster  than  that  of  Equation  (33) o  However,  the  zero  value 
of  the  ratio  at  ^st  =  0-5  reflects  the  singularity  introduced  by  employing  the 
physical  criterion  for  extinction..  For  f^^  =  0.5  is  initially  centered  at  the 
aerodynamic  center  (i.e.,  =0),  hence,  the  fl£une  is  unstable  at  all  values 

of  jet  velocity.  On  the  other  hand,  the  Spalding  proportionality  factor  remains 
finite  at  fg,^  =  0.5.  This  probably  arises  from  the  fact  that  the  Spalding 
theroetlcal  treatment  does  not  take  into  account  the  existence  of  two  stagnation 
planes  when  the  flame  zone  is  centered  oh  the  aerodynamic  center. 

In  Figiure  5,  Equations  (33)  and  (37)  are  tested  against  the 
experimental  data  on  AFS  and  G  which  Potter  and  Butler^^^  first  reported.  If 
Equation  (33)  were  obeyed,  the  quantity  tabulated  in  the  next  to  the  last 
column  should  have  the  same  numerical  value  for  each  flame  system.  Likewise, 

I 

for  Eqviation  (37)  and  the  quantity  tabulated  in  the  last  column  of  Figure  5* 

From  the  results,  it  would  appear  that  the  data  conform  to  Equation  (33)  some- 
idiat  better  than  to  Equation  37.  However,  it  is  evident  that  both  theroetlcal 
AFS  vs  G  expressions  are  only  approximately  obeyed.  This  could  be  due,  as 
Spalding  suggested,  to  an  unknown  experimental  variation  in  fg,^.,  or  an  improper 
flow  pattern  in  the  impingement  zone  during  the  AFS  determination, 


* _ It  has  been  tacitly  assumed  thro\ighout  this  treatment  that  the  gas  jet  flow 

closely  resembles  Spalding's  idealized  flow.  This  automatically  requires  a 
fuel  jet  flow  with  a  Peclet  number  (i.e.,  ,)  greater  than '1000.(4) 

The  Peclet  number  for  the  jet  in  Pandya  and  Weuiberg's  studies  was  about  a 
factor  of  5  less  than  this  minimum  value.  Therefore,  the  fact  that  they 
were  able  to  stabilize  diffusion  flames  at  the  aerodynamic  center  of  their 
opposed  jet  flow  system  does  not  necessarily  contradict  the  physical  criterion 
for  extinction  as  applied  here. 

It  is  assumed  here  that  the  value  of  Tea  is'the  same  for  each  flame  system. 
***it  is  interesting  to  note  that  in  a  subsequent  study  of  the  propane-oocygen 
flame  with  higher  velocity  jet-'8treaBts,( 3)  the  AFS  was  found  to  be  10  gi^em^- 
sec  as  cosqpared  to  the  5.1  gn/ca^-sec  value  shown  in  Figure  5* 
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Alternatively,  the  apparent  trend  to  constant  values  of  the 
tabulated  quantities  (Figure  5)  for  the  flame  systems  with  higher  AFS  values 
(and  hence  hi^er  reaction  rates),  suggests  that  the  thin  flame  zone  approocl- 
mation  may  not  be  valid  for  flames  with  AFS  values  less  than'^0.2  gm/cm^-sec. 

In  any  ease,  the  available  experimental  data  are  Insufficient  to  . 
adequately  test  the  validity  or  ca&parative  mertls  of  the  two  theoretical  AFS 
vs  G  expressions.  From  Figure  4,  It  Is  seen  that  a  definitive  evaluation  of  the 
comparative  mertls  of  Eqviatlons  (33)  and  (37)  should  be  obtained  with  expeidmental 
AFS  and  laminar  flame  speed  data  at  stoichiometric  mass  fractions  near  f^^  *  0.5. 
V.  SUMMARY 

The  extinction  of  opposed- jet  diffusion  flames  has  been  defined  In  terms 
of  a  physical  criterion  for  the  extinction  process.  In  essence,  it  is  considered 
that  the  stagnation  plane  at  the  aerodynamic  center  of  equal  strength  opposed  gas 
jets  is  a  barrier  across  which  no  stable  flame  can  cross, 

Although  this  physical  criterion,  at  present,  lacks  a  theoretical 
foundation,  it  does  fall  within  the  framework  of  both  the  Spalding  theory  of 
mixing  in  opposed  gas  jets,  and  the  experimental  findings  by  Pandya  and 
Weinberg  of  the  existence  of  two  stagnation  planes  vrtien  counter-flow  flat 
diffusion  flames  are  stabilized  centrally  between  the  two  opposed  gas  streams. 

The  physical  criterion,  when  utilized  in  conjunction  with  the  Spalding 
theory  of  mixing,  yields  analytic  expressions,  for  relating  apparent  flame 
strength  with  chemical  reaction  rate  and  laminar  flame  speed  in  equivalent 
premixed  diffusion  flames.  These  relationships  differ  somewhat  frcxn  those 
given  in  Spalding's  approximate  theoretical  treatment  of  the  extinction 
phenomena,  but  do  yield  quantitatively  similar  results  when  both  are  Compared 
with  the  available  SKperlmental  data  on  hydrocarbon  and  ammonia  oxidation 
flames. 
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However y  it  la  believed  that  the  available  data  are  Insufficient  to 
adequately  teat  the  validity  or  relative  merits  of  either  the  Spalding 
approximate  treatment  or  the  current  treatment  of  the  extinction  process. 

A  definitive  test  vd.ll  require  experimental  apparent  flame  strength  data  taken 
under  flow  conditions  vdiich  satisfy  the  requirements  of  Spalding's  mixing  theory 
l.e.y  (1)  high  Reynold's  nuiaber  Jet  flowj  and  (2)  equal  strength  oad-dant  and 
fuel  Jets.  Also,  the  apparent  Hame  strength  and^aminar  flame  speed  for 
equivalent  flame  systems  should  be  determined  where  the  stoiehlometrie  mass 
ratio  has  va].ues  near  0.5* 

It  is  evident  from  the  current  and  previous  analyses  of  the  extinction 
of  opposed-jet  diffusion  flames,  that  the  technique  is  an  important  and  useful 
method  for  determining  chemical  reaction  rates  in  flames;  particularly  for 
those  flame  systems  where  the  oxidant  emd  fuel  are  too  reactive  to  allow  a 
study  of  laminar  flame  speed  in  a  premixed  gaseous  medium. 
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Figure  3 

COMPARISON  OF  CALCUUTED  MAIINDM  VOUIWISIC 
RBACTIOM  RATES  IN  OPPOSED.^  DIFFUSION  FIAMSS 


MaxiJKum  Volumetric  Reaction  Volumetric 


Flaw 
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^it 

AFS 
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*/cm  -sec 

^tJSdin*) 

•sec 

Br  Bax 
(Chalken) 

Rate  of 

Heat  Release 
leal/cm^-sie 

C3H8-lir  (A) 

0.057(-) 
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1.63 

C3He-02  (b) 

0.21b(-) 

10.0 

•  $.1 
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265.0 

NH3-CI2  (c) 

0.36(-) 
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55.0 

NH3-NO  (e) 

0.46(-) 

0,65 

2.93 

2.5 

6.15 

NH^-N20 

0,67(+) 

2.35 

11.5 

12.0 

23.4 

(a)  Reference  1 

(b)  Reference  3 

(c)  Reference  5 

(d)  The  (+)  or  (-)  no'^ation  refers  to  the  position  of  the  initial  stable  flame; 
(+)  referring  to  the  fuel.  Jet  side  of  the  aerod7nainic  center  and  (-)  to  the 
oxidant  jet  side. 

(e)  Calculated  by  multiplying  ^^^ax  ^  combustion  of  the  fuel. 
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Figure  5  ‘ 


COMPARISON  OF  APS  VS  G  BEUTlOISHIfS  WITH  EIFEIiltffiNTAL  EATA 
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(a)  Data  from  Reference  1. 

(b)  Calculated  on  the  basis  of  oos^lete  reaction^to  OO2  and  H2O. 
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NOMENCLATURE 


Rocket  Chamber  Parameters 

-  propellant  burning  area 
A^  -  nozxle  throat  area 

Cq  -  nozzle  discharge  coefficient 

-  chaniber  pressure 

P  -  critical  chamber  pressure  for  onset  of  "low  frequency" 
instability 

P^  -  extinction  chamber  pressure 

V  -  chamber  volume 
c 

V,/A^ 


Propellant  Parameters 

r  -  propellant  burning  rate 

n  -  steady -state  burning  rate  pressure  exponent,  r  =  cP*' 

-  propellant  density 

.p . 

DL  -  low  pressure  stable  deflagration  limit 

i 

M  -  average  molecular  weight  of  gaseous  combustion  products 

-  adiabatic  flame  temperature  of  propellant 

T  -  a  temperature  paTainreter  which  is  approximated  by  the  adiabatic 
8 

flame  temperature  of  the  ammonium  perchlorate  monopropellant 
flame. 


=  rate  constant  for  the  ammonium  perchlorate  naonopropellant  flarne 

reactions,  k  =  A  exp  (-E  /RT  ) 

8  g  g  g 

Miscellaneous  Parameters’ 

g  -  gravitation  constant 
R  -  gas  constant 

t  time 

t  -  critical  time  constant 
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INTRODUCTION 

Anderson,  Strehlow  and  Strand'^'  have  shown  that  vacuum  firings  of 
solid  propellant  rocket  motors  using  regressive  burning  grains  exhibit  a  low 
pressure  burning  limit  which  is  generally  higher  than  the  low  pressure  stable 
deflagration  limit  of  the  propellant  as  determined  in  a  .Crawford  bomb  strand 
burner.  Their  studies  with  ammonium  perchlorate  composite  propellant  with 
varying  aluminum  content  suggest  that  the  extinction  pressure  while 

indeper.dent  of  burning  geometry,  is  strongly  dependent  upon  A1  content  and 
motor  L*  (ratio  of  chamber  volume  to  nozale  throat  area)..  Their  data  could 
be  curve-fitted  by  an  expression  of  the  form 

L*  =  (1) 

where  the  constants  A  and  oc  varied  with  A1  content. 

For  non -aluminized  propellant,  the  value  of  the  exponent  was 
approximately  twice  the  value  of  the  steady- state  burning  pressure  exponent  (n) 

at  the  pressure  P  .  In  this  case,  equation  (1)  becomes  almost  identical  to 

^  2  3 

theoretical  expressions  derived  by  Akibo  and  Tanno,  Sehgal  and  Strand,  and 

4 

Cohen  for  describing  the  critical  pressure  (P^^)  for  onset  of  "low  frequency" 
combustion  instability,  i.  e. , 

L*=A'(P  (2) 

'  cr  '  ' 

The  theoretical  derivations  considered  the  instability  as  arising  from 

a  coupling  between  the  lag  of  burning-rate  response  due  to  the  propellant  thermal 

gradient,  and  the  lag  in  exhausting  the  charnber  due  to  nozzle  flow. 

The  strong  resemblance  between  the  theoretical  and  empirical  expressions 
13  4 

suggested  to  these  authors  ’  ’  that  the  critical  pressure  for  onset  of  unstable 
burning  (i.  e. ,  should  correspond  to  the  observed  extinction  pressure 

(i.  e. ,  Pg).  However,  there  are  two  serious  discrepancies  which  arise  from 
this  approach: 

1)  The  value  of  OC  for  the  case  of  aluminized  propellants  (8-16%)  is  much 

greater  than  En;  and  2)  The  extinction  pressure  is  zero  for  an  infinite  L*.  Since 
...in  a  Crawford  bomb,  L*  can  be  construed  as  approaching  infinity,  it  might  be.  . 
expected  that  should  have  a  limiting  value  approaching  the  low  pressure  stable 
deflagration  limit. 
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Although  it  hat  been  argued  '  ’  that  aluminum  oritt  solid  combustion 
product  might  in  some  way  affect  the  propellant  thermal  response  or  the  nossle 
exhaust  time,  no  adequate  quantitative  explanation  of  these  discrepancies  has 
been  offered.  ..  .. 

It  is  the  purpose  of  this  note  to  offer  a  possible  explanation  in  terms  of 
a  new  model  for  the  extinction  process.  This  new  approach  suggests  that 
equation  (2)  defines  criteria  for  possible  temporary  extinguishment  rather 
than  permanent  extinguishment,  and  as  such,  should  not  be  identified  with 

of  equation  1.  In  addition,  the  model  enables  the  derivation  of  a  theoretical 
vs  L*  relationship  which  differs  considerably  from  the  form  of  equation  1. 

MODEL  OF  ROCKET  EXTINCTION 


It  is  first  assumed  that  solid  composite  propellants  exhibit  a  low 
pressure  stable  deflagration  limit  which  is  independent  of  their  extinction 

under  ce.’ditions  jf  rocket  motor  venting.  Such  phenomena  have  apparently 
been  noted  in  crand  burners  (Crawford  bomb)  where  below  a  minimum  inert 
gas  bomb  pressure,  strand  burning  cannot  persist.  Low  pressure  deflagration 
limits  have  been  reported  as  high  as  400  psia  for  some  ammonium  nitrate 
propellants  and  as  low  as  6  psia  for  some  ammonium  perchlorate  (AP) propellants. 
Even  ammonium  perchlorate  monopropellant  strands  exhibit  a  ^ 

A  detailed  discussion  of  the  causes  for  a  P^^  solid  composite  pro¬ 
pellants  is  outside  the  scope  of  the  present  paper,  however  it  can  be  noted  that 
6  7 

Friedman  and  Nachbar  attempted  to  explain  the  Pj^j^  of  AP  strands  in  terms 
of  radiation  heat  loss  from  the  burning  surface.  Also,  it  would  appear  that 

4 

aluminum  increases  the  P^^j^  of  AP  composite  propellant. 

Second,  it  is  assumed  that  during  "low"  pressure  burning  in  a  rocket 

motor,  some  inherent  combustion  instability  (perhaps  related  to  the  low  fre- 

3 

quency  instability  discussed  by  Sehgal  and  Strand  )  causes  the  instantaneous 
burning  rate,  r',  to  become  zero.  The  question  then  arises  as  to  what  chamber 
conditions  must  be  present  in  order  tha.t  the  instantaneous  zero  burning  rate 
lead  to  permanent  extinction.  On  the  basis  of  the  first  assumption  it  can  be 
considered  that  if  the  rocket  chamber  exhausts  to  a  value  of  Pj5j_^  within  a 
critical  time  period  (■X),  then  the  burning  rate  will  remain  zero,  and  the 
rocket  will  be  extinguished.  Now  from  the  rocket  chamber  mass  balance 
during  propellant  burning  vi  th  sonic  nozzle  exhaust,  the  time  rate  of  change  of 
c  hamber  pressure  can  be  described  by  (e.  g.  ,  see  equation  (41)  of  reference  3 
where  ,L*  “  V  /A  ), 

C  t 
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Setting  r  *  o,  thue  gives  the  rate  of  chamber  exhaust  at  the  instant  the 
burning  rate  becomes  sero.  Taking  this  instant  as  t  3  o,  the  extinction  criterion 
can  be  stated  as;  P^(t  =  o  )  =  when  during  the  time  interval  0  <  t  ^  "t"  ,  the 
chamber  pressure  is  reduced  to  the  value  Utilising  the  above  expression 

with  V  =  o  for  P  (t)  over  the  appropriate  time  interval,  the  minimum  extinction 
requirement  becomes 


It  is  interesting  to  note  that  equation  (5)  is  considerably  different  from  the 
empirical  form  used  by  Anderson  et.  al.  (equation  1),  and  that  if  T  i”s  finite 
and  independent  of  L*,  P^  approaches  approaches  infinity.  Thus, 

the  new  model  of  extinction  would  appear  tP  resolve  one  of  the  discrepancies  as 
noted  in  the  introduction. 


It  now  remains  to  describe  the  physical  nature  of  the  critical  time 
constant  T  .  One  possibility  that  arises  is  that  T  relates  to  the  kinetics  of 
the  propellant  flame  reactions.  This  might  be  reasonable  from  the  view  point 
that,  at  the  inst  nt  (t  =  o)  when  r  becomes  zero  there  is  no  mass  efflux  from  the  sur¬ 
face  while  the  propellant  surface  temperature  is  relatively  unaltered  from  its 
value  when  r  =  o.  At  t  >  there  is  a  positive  mass  efflux  with  the  out-flowing 
gases  requiring  T  seconds  to  react  and  to  supply  heat  back  to  the  propellant 
surface.  However,  if  during  these  X  seconds  the  chamber  pressure  drops  to 
^DL’  gas-phase  reactions  become  quenched,  and  hence  the  extinction 

becomes  permanent.  In  a  sense,  this  extinction  process  can  be  likened  to  the 

process  by  which  rarefaction  waves  quench  detonation  reactions  in  explosives, 

8 

giving  rise  to  critical  diameter  phenomena  . 

For  second  order  flame  reactions,  the  half-life  of  the  reactions  is 
directly  proportional  to  the  reciprocal  of  the  first  power  of  the  chamber  pressure 
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(e.  g. ,  lee  refsrence  9):  henc«,  identifying  with  the  h*ll*lil«  of  tho  flam* 
reactioni  yielda 

•f  =  (6) 

For  the  case  where  the  ammonium  perchlorate  gas*phase  redox 
reaction  controls  the  flame  kinetics  ("thermal  layer"  theory  of  combustion^^) 
the  constant  ^  can  be  equated  to  2  RTg/  kg,  where  kg  refer.,  to  the  rate  constant 
of  the  NH^i-  HCIO^  flame  reaction  at  the  temperature  approxirnately  the 
adiabatic  ilame.^tempcrature  for  this  reaction. 

Using  the  above  expression  for  T  >  equation  4  becomes 


=  ^DL 


iyp  L* 


where  E  =  Cj^RT^  ^ /gM  is  a  constant  for  any  given  propellant  composition. 

To  test  the  possible  validity  of  equation  7,  the  data  of  Anderson,  et.  al.  ^ 
have  been  plotted  as  log  vs,  (L*P^)  in  figure  1,  It  is  readily  seen  that  the 
theoretical  expression,  offers  a  reasonably  good  fit  to  the  data.  Also,  it  is  noted 
that  for  JPL  534  and  540  ( 0%  Al),  extrapolation  to  infinite  L’i*  gives  a  value 
Of  =  8  psia  in  good  agreement  with  the  reported^  value  of  ^  psia. 

Similar  extrapolations  for  the  propellants  containing  8%  and  16%  Al 
yield  higher  values  of  (29  psia  and  42  psia  respectively)  as  might  be  expected. 
Unfortunately,  Ander  son,  et.  aU,  did  not  report  these  propellants 

So  that  a  more  precise  comparison  of  results  can  not  be  made  at  this  time. 

It  is  interesting  to  calculate  the  expected  order  of  magnitude  of  £  when 
-  2  RT  /.k  .  Although  the  value  of  K  to  be  used  in  this  expression  is  quite 

8  8  8  j^Q 

uncertain,  it  can  be  estimated  from  previous  work  that  a  reasonable  order  of 
9  ^ 

magnitude  is  k  **10  cm'/mole-sgc.  Using  this  value  and  reasonable  estimates 
8  2, 

of  the  other  parameters,  *  E  is  approximately  10  inch-psia.  The  slopes  of  the 

3  ■  -  3 

jcurves  of  Figure  1  (i.  e.  ,  experimental  E)  lie  in  the  range  of  1.  6  x  10  to  4.  0  x  10 
inch-psia  (increasing  with  decreasing  Al  content),  which  differ  from  the 
theoretical  calculated  E  by  less  than  a  factor  of  100.  In  view  of  the  gross 
uncertainty  in  kg,  this  comparison  of  theoretical  and  experimental  £  can  be 
considered  favorable  but  not  necessarily  significant.  However,  assuming  the 


-3-1  7  3 

*  =  7  x  10  (sec)  ;  R  =  8.  31  X  10  erg/deg-mole  =  82  cm  -atm/deg-mole; 

M  =  30  gm/mole;  g  =  980  cm/sec^;  T^  =  3000°K:  =  1400°K. 
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calcxilations  to  bo  reasonably  valid,  it  would  suggest  that  increasing  *  ..lent 
may  cause  an  increase  'n  the  affective  temperature  at  \/hich  the  bulk  of 
AP  redox  flame  reactions  occur  (i.  e.,  Tg)’l‘.  Alternatively,  it  ma/  be 
speculated,  that  the  nosale  discharge  roeffirient  (C^)  decreases  as  the  amcv 
of  solids  in  the  exhaust  increases'.  In  either  case,  there  is  insufficient  data 
at  this  time  to  allow  tor  a  more  precise  account  of  the  effect  of  aluminum  on 
the  Li*  vs.  relationship. 

CONCLUSIONS 

The  model  of  solid  rocket  extinction  presented  here  would  appear  to 
resolve  some  of  the  difficulties  which  are  apparent  when  attempting  to- identify 
criteria  for  "low  frequency"  ''ombustion  instability  with  low  pressure  extinction 
criteria.  The  model  also  enables  a  treatment  of  extinction  in  terms  of  the 
kinetics  of  the  propellant  flame  reactions,  yielding  a  new  form  of  equation  for 
relating  motor  L*  and  extinction  pressure,  whicn  is  in  satisfactory  agreement 
with  the  available  data.  However,  it  is  clear  that  the  exisiting  data  encompasses 
only  a  narrow  part  of  the  spectrum  of  experimental  results  required  for  an 
adequate  test  of  this  or  any  other  theoretical  treatment. 


In  the  case  being  considered  E  =  ZC^R  T^T  / gMk  wlih  k 


A  exp  (-E  /RT  ). 
g°g  g  g*^  g  g 

The  exponential  dependence  of  k^  on  temperature  in  the  denominator  will 

outweigh  the  linear  dependence  in  the  numerator. 
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imJCATIOlB  OP  A  STEAinr-STATE  SOLID  FflWBLIAKr  OOMNSTIOi 
NQfSL  TO  A  LOW  FSESSURE  DEPIAQRATIDN  UMZT 

Ry 

R.  F.  Chalken 
Technical  Consultant 
Aerojet-General  Corporation 
Saeraiaenbo,  California 

I.  INTRODUCTION 

Manor  experimental  and  theoretical  studies  on  solid  propsUant 
eoubastlon}  have  led  to  a  concept  of  coobustlon  in  which  the  ingredlnnts 

gasify  under  the  thermal  Influence  of  a  flame  to  form  reactive  species 
which  then  undergo  gas-phase  redox  reactions  to  propagate  that  flame. 

The  mass-flow  and  energy  of  each  reaction  in  the  burhli^  process  is  of 
—necessity  coupled  to  each  other  by  the  conservation  equations.  Several 
mathematical  models  of  varying  complexity  have  been  developed  to  describe 
the  steady-state  coupling  process^^"^^ ,  but  few  theoretical  studies  have 
been. made  of  extending  these  models  to  low  pressure  deflagration  limits. 

A  notable  exception  to  this  is  the  work  of  Johnson  and  Nachbar^*^^ 
in  describing  the  pressure  deflagration  limit  (Pqj^)  of  burning  of 

ammonium  perchlorate  (AP)  monopropellant .  These  authors  attes^ted  to 
ascribe  the  low  of  AP  strand  burning  to  radiation  heat  losses  from  the 
burning  surface.  Unfortunately ,  the  detailed  rigorous  treatment  given,  which 
requires  numerical  methods  of  solution,  cannot  be  readily  extrapolated 
to  the  problem  of  low  pressure  extinguishment  of  composite  propellaiib 

A  somewhat  simpler  approach  to  the  Pq^  problem  can  also  be  i 
obtained  from  the  two-temperature  postulate  and  tbsmal-liyer  treatment 
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of  steady^tate  eoBbuetlon^^"^).  This  somewhat  hauriatlc.  .txsaataaai  of 

O 

composite  propellant  burning  yields  a  gsneralizad.  burning  itate  eacprassloa 

in  terms  of  parameters  which  can.  be  readily  related  to.  the  .ohemioal  JcinatlD 

processes  occurring  during  combustion.  It  is  the.  purpose  of.,  this  .note 

to  sl]iow  that  this  treatment  also  leads  directly  to  a..minimmvtiMirBihg.. rates 

with  implications  towards  a  low  pressure  deflagration  limit • 

II.  THE  TWO-TBgBaCTgRE  iaiD  THBRMIVL  lATER  THBDRTBS  HP  SOTTP  pROPBlLitB 
C(»(BUSTION 

Basically,  the  ''two«teiq>erature'*  postulate  of  coaposite.  solid 
propellant  combustion,  as  stated  by  Schultz  and  Dakk»r^^*^V,  proposed,  tlaat  \ 
the  decompositions  of  oxidizer  and  binder  are  nearly  independent  procssiseB 
when  viewed  on  a  microscopic  scale.  This  concept  arose ■fi!iQn...a,  cona1  risrm  tion 
of  the  temperature  necessary  to  achieve  equal  rates,  of  linear  xegremsiorm  for 
the  oxidizer  and  binder  components  sepeurately.  During  steady  state  buzxaiiig, 
the  mean  rate  of  linear  regression  of  oxidizer,  is  «<pal  to.  the  mean  linemr 
ra;te  of  consumption  of  the  binder  surface  B^,  and  both,  are  ei^utl  tooths,  mew 
linear  rate  of  burning  of  the  propellant  Bp,  or, 

®p  ~  *s,o  ®^^”®s,o/^^»,o^  “  ^s,b  (2-) 

where  the-  linear  rates  of  regression  are  expresaad  in  ..terms  of  Arrhenius  mte 
equations.  Since  the  pre-^exponential  factors,  A  and  the  activation. ensr^jjs^ 

E  are  generally  unlike  for  the'  oxidizer  and  binder  irespectiyely,  it  f«IL«w 
that  the  surface  te^Mratures  at  which  these  coaqwoents  decflmposa.mmst..b« 
different. 

In  attenqjtii^  to  formulate  a  mathematical  model  of  the  .burning  paroeess, 
a  steady  state  has  been  assumed.  The  two>?tem;^ratur.e  concept  was  applleid 
to  ladce  possible  the  assignment  of  definitive  tsiqwrature  and  heat  tzana^ar  - 
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boundary  oondltlons.  As  applied  to  aoBonlum  nitrate  eoapoelte  |wrope11a»te» 
the  aeelMiiiaiB  took  the  form  of  four  idealised  steps. 

(1)  Gasification  of  the  cxidizer-by  a  klxietic  rata 
controlling  step  which  involves  svirface  desorptxon  (endothermic  raaetion). 

(2)  Oxidation-reduction  gas  phase  reactions  of.  the  oaddiaei; 
p^o]^ls.  products  to  establish  a  flame,  (exothermic  raaetion) 

(3)  ^rrolysis  of  binder  in  the  established  flams  Cendo- 
thermle  msetlon)  . 

(4)  Gas  phase  reactions  of  oxldlser  and  binder  pgrrolysls 
products  (exothermic  reaction). 

For  AN  propellants,  exothermic  reaetlozis  between  the  Initial  pyrolysis 
products  of  NH^NO^(HNO^  and  Ni^)  are  assumed  to  occur' in  the  gas  phase, 
establishing  a  flame  zone  with  a  maximum  temperature  of  about  1250^%.  Heat 
fron  this  flame  causes  gasification  of  the  binder.  Eventually,  binder  and 
oxidizer  decon^ositl'on  products  react  in  a  diffusion  flame  at  some  distance 
from  the  surface.  There  is  evidence  that  little  heat  from  the  outer 
diffusion  flame  gets  back  to  the  decomposing  surface.  For  example,  aid>- 
stitution  of  polystyrene  binders  of  drastically  different  decomposition  rates 

V 

had  little  or  no  effect  on  the  burning  rates  of  the  propellant.  Since  large 
variations  in  binder  decomposition  properties  should  greatly  effect  the  outer 
diffusion  flame,  it  has  been  assumed  that  the  surface  is  heated  mainly  from 
the  redox  flame  close  to  its  surface.  The  inner  flame  layer  idiich  is 
believed  to  heat  the  surface  of  the  propellant,  causing  decomposition,  has 
been  named  the  "thermal  layer". 

From  considerations  of  the  boiindary  value  problem  of  steady-state 
heat  transfer  by  thermal  conduction  across  the  thermal  layer^'^,  it  ms 
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■hoim  that  the  theraal  Ifiyer -thickness,  (3  ,  can  be  apprcodaated  as 

6  -  To/  [l  +  ro/VoFf]  (2) 

where  is  the  average  paistiele  radius, is  the  average  thexnal.  diffusivitf^ 
of  the  gaseous,  nedium,  T  is  the  half  life  of  the  gas  phase  redox  reaction,  aad 
CX  is  a  proportionality  constant  of  the  order  of  unity  .  Essentially  (3  is 
determined,  by  the  velocity  with  which  the  gas  expejids  sway  frcm  the  suxlace, 
^ich  in  turn  is  proportional  to  the  rate  at  ^ich  the  gas  phase  reactions 
take  place. 

The  thermal  layer  thickness  is  a  function  of  pressure,  since 

K  -  M  (T /Cp  Pg  (3) 

^ere  M  is  the  average  molecular  weight  of  the  gases,  Cf  is  the  average  thezmsJ. 
conductivity  of  the  gas  phase,  Pg  is  the  total  density  of  the  gases  and  Cp 
is  the  average  molar  heat  capacity. 

If  the  redox  gas  reaction  is  second  order 

1/Cgkg  =  2M/  ^kg  (4) 


trtiere  c  is  the  concentration  of  one  of  the  gaseous  reactants  and  k»  ic  the 

e  Q  • 

rate  constant  for  the  redox  reaction.  These  expressions  yield 


1+ 

Y 

Vg ' 

^  1  +  To  0P 

RTg 

20CC^ 

(5) 


>diere  R  is  the  gas  constant,  P  the  pressure  and  Tg  the  temperature  at  which 
the  gases  react.  0  and  Tg  may  be  considered  as. constant  for  a  given  gas« 
phase  redox  reaction. 


-4. 
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If  the  rate  of  heat  conducted  into  the  oxidizer  particle  surface  Is 
set  equal  to  the  rate  of  heat  transfer  required  for  steady  state  linear  pgrrelysls 
of  the  oxidizer: 


uTTnr^  ,  ^TT n  P^Bo  AH  +  (6) 

.  Q  L 

idiere  a  positive  value  of  A  H  is  the  endothermiclty  of  the  oxidizer  surface 

pyrolysis  reaction,  Cg  is  the  solid  heat  capacity,  ^  is  the  solid  density,  n 

is  the  fraction  of  the  oxidizer  particle  exposed  to  the  flame,  is  the 

linear  pyrolysis  rate  of  the  oxidizer,  and  Is  the  initial  propellant 

temperature. 


Then,  the  burning  rate  of  the  propellant  can  be  e^ressed  by 


(  ^  /PsCs)  (Tf-Ts,o) 
ro  (AH/Cg-To  +  Tg^o) 


(1  +  ro  0P)  ' 


and 

Bp  =  (8) 

A  comparison  between  the  experimental  burning  properties  of  typical 
AN  propellants  and  those  calculated  on  the  basis  of  these  equatlt^jgave  very 
reasonable  agreement. 

Description  of  the  combustion  mechanism  for  composite  propellants 
which  use  ammonium  perchlorate  as  oxidizer  is  still  somewhat  Incomplete. 

f 

It  Is  postulated  that  the  initial  step  in  such  combustion  is  the  decomposition 
of  the  oxidizer  to  give  NH3  and  These  products  then  react  to 

establish  a  redox  flame  equivalent  to  that  proposed  for  AN  propellants. 
However,  the  siurface  temperature  of  AP  during  combustion  should  be  much  closer 
to  that  of  typical  binders  than  in  the  case  of  AN  oxidizers.  Increased 
interaction  of  the  binder  with  the  thermal  layer  envelope  may  result. 


-5- 
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Chalken  and  Andersen^^)  have  dlseuseed  the  ro^  of  binder  And  Its  effect  on 
eonpoeite.  solid  propellant  conhuatlon. 

For  the  particular  case  where  binder  diffuses,  into  the  thsmal  lap«r 
and  reacta  suddenly  at  the  tenperature  Tg«  the  role  of  binder  can  be  considered 
to  be  one  of  raising  the  effective  flame  teaperature,  l.e. 

Tf  =  Tf,o+€‘  (9) 

where  is  the  pin's  oxidizer  flame  temperature  and  6*  is  the  effective 
increase  in  that  flame  temperature.  It  is  noteworthy  that  €  should  depend, 
upon  the  diffusion  coefficient,  and  hence  be  inversely  proportional  to  the 
pressure.  Also,  there  is  a  maximum  value  of  €  such  that  should  not 
exceed  the  maximum  adiabatic  flame  temperature  for  the  propellant  comppsiticii. 

(9) 

This  treatment  is  in  good  accord  with  the  burning  rate  data  of  Bastrsss  st  a1^ 
These  authors  found  that  at  higherr burning  pressure  (/^ICXX)  psi),  AP 
composite  propellant  burning  rates  approached  those  of  pure  AP  (i.e., 

€—*’0  as  pressure  increased). 

It  has  also  been  pointed  out^^»^®)  that  preceding  the  decomposition 
of  AP  in  combustion,  small  regions  of  the  crystal  undergo  partial  decomposition 
by  exothermic  solid  phase  reactions.  These  reactions  are  believed  to  occur 
in  the  intermosaic  (defect  lattice)  crystal  stinicture.  Heat  release  by  such 
presurface  reactions  would  lower  the  overall  endothermlcity  of  the  oxidizer 
gasification.  It  is  still  \incertain  as  to  whether  or  not  this  effect  is 
pressure  dependent.  However,  from  tmpublished  studies  at  Aerojet,  (11),  it 
would  appear  that  the  effect  is  independent  of  pressure  at  normal  burning 
pressures  (l.e.,  <1500  psi). 
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III.  APPLICATION  TO  A  LOW  PRESSURE  DEFLA^TION 


In:  applying,  the  thenuil  layer  treataient  of  8teady»«tate  coabuatloB  to 
the  problaa  of  a  low  pressure  deflagration  limit.  It  will  be  .Instruetl've 
to  first  consider  the  case  of  a  monopropellant  oxidlser  whose  surface  tisaperatare 
is  relatively  independent  of  pressure .  In  this  ease,  the  hBrniag  rate  as  a  fsiwtien 
of  pressure  is  simply 

„  _  bAT(l  +  ro  0P) 

B  - ^ — -  (20) 

ro  C  . 

where  b,  C  and  .AT  are  constant,  independent  of  pressure  and  oxidizer 
particle  size.  The  function  B(P)  represents  the  entire  set  of  values  of  B  for 
which  solutions  to  the  boundary  value  problem  representing  steady-state 
combustion  exist.  It  is  readily  seen  that  as  P*»>  0,  B  approaches  a  minimw 
finite  value  greater  than  zero,  l.e^, 

i 

u  »  b  AT 


Thus  can  be  considered  the  minimum  steady-state  burning  rate  of 

the  propellant.  Now,  if  one  considers  in  the  heat  balance  expression  of 
equation  (6)  the  existence  of  heat  loss  terms  such  as  radiation,  conduction, 
etc.,  it  is  obvious  that  will  occur  at  some  pressure  P  ^  0.  This 
pressure,  which  would  be  defined  by  the  type  of  heat  loss  terms,  would  be  the 
low  pressure  deflagration  limit,  ^DL*  An  e3q>ression  for  Pq^  can  be  found  by 
rewriting  equation  (6)  (>diile  keeping  the  appraximatlone  noted  above)  as 


47rn  r/  ±41. 


ijTn  BC  +  Hl 


where  is  the  additional  heat  loss  term.  Solving  for  the  pressure,  we  have 


.7- 
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// 


frm  equal j,on  (5)  for6j 
P 


1 

*•0  0 


rp  C  B 


hl 


b  at 


ATTuTabAT 


-1 


(13) 


Letting  P  -  Pi)L  at  B  -  B^^,  equations  (U)  ai4  (13)  yield 


“■^DL 


Hl 


(14) 


iiihere 


To  0b  AT 

Hj^ifTTn 

It  is  interesting  to  note  the  will  increase  with  decreasing,  partiela 
size.  This  is  in  a^eement  with  the  experimental  findings  of  Friedman  anrf 
Levy (5)  vrho  studied  the  burning  of  pressed  AP  strands.  Their  data  also 
indicated,  that  decreased  as  the  initial  strand  temperature  increased. 

This  would  be  consistent  with  linear  conductive  or  radiative  heat  losses,  where 
would  be  directly  proportional  to  (Tg-Tp)  or  Tg^-T^j^) , 

It  is  a  relatively  simple  matter  to  extend  the  above  treatment  to 
composite  propellants,  Frcm  the  arguments  presented  in  the  previous  section 
for  AP  co^)oelte  propellant,  the  expresssion  for  ^■in  would  be 

I 

B  —  ^  (^f,o~Ta,o  ^ 

rp  Pg[AH  +  Cg(Tg^p-Tp)]  (15) 

where  at  P  »  0,  C  would  be  expected  to  take  on  its  lna1^^■nml  value.  If  at 
P  €  is  still  at  its  oaxiam  value,  the  following  e3q>resslon  for 


is  obtained.' 


«L 


,(Tf.o-T, 


‘'f,o*’*s,o 


^e) 


(16) 


This  can  be  easily  verified  by  proceeding  in  the  same  manner  as  demonstrated 
above  for  the  monopropellant  case. 

Thus  as  in  the  monopropellant  ease  a  decrease  in  oxidiser  particle 
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slse  and/or  a  deoreasa  In  Initial  propallant  tai^ratura  should  causa  an 
ineraasa  in 

Mow  C.  Ciaplueh^^)  has  studiad  tha  axbinguishuant  of  "g 
propallant  during  a  rapid  pressure  dacreasa.  Ha  found  that  propallants 
based  upon,  coarse  r  partielen  required  mors  rapid  rates  of  pressure 

dacreasa  to  affect  aactiogui  ahssint  than  did  sinilar  propellants,  based  upon 

L 

finer  oxldisar  particles.  That  Is  to  sajT;,  tha  propellant  bacaae  jtore  difficult 
to  exi^inguish  as  tha  oxidisar  penticle  sise  uas  increased.  This  might.  alM) 
be  interpreted  as  indicating  that  burning  was  more  stable  at  low  pressures 
with  propellants  based  upon  the  larger  sise  oxidizer  particles^  and.  hence 
such  propellants  'have  a  smaller  value  of  This  hypothesis  is  in.  agree- 

I  K 

ment  with  the  ejjprassion  derived  above  for  P]ql  (i«  ®»»  equation  16),  If 
we  follow  the  same  type  of  reasoning «  we  might  expect  that,  since  0  for 
AP  is  believed  to  be  greater  than  0  for  AN  AN  propellants  would  be 
easier  to  extinguish  than  AP  propellants.  It  is  well  known  that  it  is 
difficult  to  obtain  AN  propellants  which  bum  at  low  pressure. 

Another  point  of  interest  with  regard  to  the  variation  of  propellant 
—extinguishability  with  cxldizer  type,  is  the  effect  of  exothend.c  surface 
x*eaction.  As  indicated  previously  for  AP  propellant,  such  reactions  can  be 
considered  to  effectively  decrease  the  overall  endpthermiclty  of  the  twrids  yr 
surface  pyrolysis  reaction.  Alternatively,  exothermic  surface  (or  substrate) 
reactions  can  be  considered  as  heat  sources  within  the  oxidizer  which  in  effect 
act  in  an  opposite  manner  to  the  heat  loss  terms,  1.  e.,  they  will  cause 
a  decrease  in  the  value  of  in  equation  16.  Thus,  it  might  be  expected  that 
propellants  based  upon  oxidizers  (or  binders),  which  will,  undergo  partial 
exothermic  reaction  in  the  solid-phase,  will  have  a  low  hence  will 
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reeist  «zllDgulabBant  iqr  rapid  preaanre  daereaM. 

I?.  COMCmSIONS  I 

Tha  theoratleal  dairalopaant  of  the  low  presaure  .la 

the  previxma  sactlon,  and  .the  bgrpothasle  relatlag  .axtiggn  iahabil  Ity.  aad  Jaw 
pressure  .buralDB  stability  to  appear  to  be  in 

the  available  eoqierinental  data,  and  therefore  suggests  the  validity,  of  the 
approach  employed.  One  might  even  speculate  further  that  IgnltabUlty,  being 
In  a  sense  the  opposite  of  extlngulshabillty,  should  also  be  related  to  In 
a  manner  Just  opposite  to  that  suggested  for  pressure  drop.  extlnguiataaent.  of  .. 
burning  propellants.  That  Is  to  say,  that  a  propellanu  with  a  high  would 
be  more  difficult  to  Ignite  than  a  propellant  with  a  lower  _  The  difficulty 
In  Igniting  AN  propellants  relative  to  AP  propellants  Is  certainly  in  agree¬ 
ment  with  such  a  speculation.  However,  It  should  be  pointed  out  that  a 
proper,  theoretical  treatment  of  transient  phenomena  such  as  propellant 
Ignition  and  extinguishment  must  rightly  consider  time  dependence  in  the 
conservation  equations,  and  this  might  lead  to  restilts  which  are  considerably 
different  from  those  implied  in  this  paper. 
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